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The  functions  of intracellular adenosine  triphosphate 
(ATP)  have  been  intensively studied for fifty years. 
However  the  present collection of papers  assembles  evidence 
supporting  a  physiological role for nucleotides  extra-
cellularly.  The  fact that the  extracellular actions  of 
ATP  are  produced  by  concentrations  of  exogenous  ATP  so  much 
lower than those  found  on  the  other side  of the  cell 
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membrane  would  indicate that the  membrane  itself is  intimately 
involved.  The  action of nucleotides  on vascular smooth  muscle 
is  one  which has  been known  for as  long  as  the history of 
these  compounds.  ATP  is  a  powerful dilator of blood  vessels 
in skeletal and  cardiac muscle.  Evidence  is provided here 
that ATP  is  one  of the  major contributors to  the  process  of 
vasodilatation in these  tissues when  an  extra supply  of 
oxygen  is required. 
ATP  has  been detected  in the  solution bathing an active 
frog  sartorius muscle,  in the  perfusate  from  perfused  frog 
hindlimb  during contraction,  in the  perfusate  from  resting 
and  active  cat  soleus muscle  and  in the  venous  effluent 
from  exercising human  forearm  muscle.  The  rate of degradation 
of  ATP  in human  plasma was  assessed  and  a  comparison was 
made  of  the  amounts  of ATP  released  from  human  forearm muscle 
contracting at  5%  of the  maximum  voluntary  contraction and 
the  amounts  necessary  to  be  infused  to  cause  the  same  increase 
in blood  flow.  It was  calculated that 7.5  - 10.5 ug/min 
(14  - 20  nmole/min)  were  released,  comparing  favourably with 
the  16  ug/min  infused  by Duff,  Patterson & Shepherd  (1954) 
to  produce  the  same  increase  in blood  flow.  It was  concluded 
that ATP  was  released  in  enough quantities  to  satisfy the 
vasodilator requirements  of human  forearm  muscle  contracting 
at  5%  of maximum  voluntary  contraction. 
Release  of ATP  into  the  perfusate  from  heart muscle  in 
response  to  hypoxia was  first demonstrated  by  Paddle  & Burnstock 
(1974).  Using  a  working  rat heart  preparation,  the  appearance 
of ATP  in the  coronary  sinus  effluent was  detected  in response 6 
to  90  seconds  of hypoxia.  Since  the  percentage  recovery  of 
ATP  perfused  through  the  coronary  circulatory bed  was  approx-
imately  1%,  it was  concluded  that ATP  played  a  significant 
role  in the  vasodilatation seen in response  to myocardial 
hypoxia.  It was  not  certain whether the  ATP  came  from  nerves, 
vascular smooth  muscle  or myocardial cells.  The  use  of isol-
ated adult rat heart cells determined  one  source  of the  ATP 
released  in response  to hypoxia.  Release  of ATP  was  increased 
fourfold within 30  seconds  of rendering the  cells hypoxic. 
When  the cells were  restored  to  oxygenated  conditions  the  release 
of ATP  reverted to  control levels.  The  amounts  of ATP  released 
were  calculated to fall well within the  range  necessary  for 
production of near maximum  vasodilatation of the  coronary vasc-
ular bed. 
In view  of the  probable major role that ATP  plays  in the 
control of local blood  flow  in skeletal and  cardiac muscle,  the 
effects of ATP,  AMP,  adenosine,  pyrophosphate  and  phosphate  on 
the  cerebral vasculature were  explored.  Perivascular application 
of ATP  to  cat pial arterioles  caused dilatation at a  threshold 
concentration of 10-11M.  This  amount  compares  with  the  amounts 
of adenine  nucleotide detected  by  Pull & McElwain  (1972)  being 
released  from  electrically stimulated brain slices.  It was  thus 
concluded that ATP  is released  in amounts  which  are more  than 
adequate  to  produce near maximum  local dilatation in brain tissue. 
Intracarotid administration of ATP  produced  surprising results 
in both  cat and  baboon.  In both  cases  the  cerebral blood  flow  was 
approximately  doubled  when  ATP  was  infused  into  the  carotid artery 
at a  rate  of 10-6mole/min  ••  Taking  into account  the  carotid  flow 
in each  case,  the  calculated threshold  concentration in cats was 
4  x  10-9M and  in baboons  4  x  10-8M•  No  significant effects were 
seen with AMP,  pyrophosphate  or inorganic  phosphate.  The  thresh-
old  response  to  intracarotid adenosine  lay between 4  x  10-7M and 
4  -6.  .  x  10  M In the  baboon.  Intracarotid ATP  lncreased the  oxygen 
consumption of the  baboon brain parenchyma.  This  effect was 
attributed in part to  an  elevation of cellular cyclic  AMP  levels 
in the  brain.  Osmotic  disruption of the blood-brain barrier with 
urea did  not affect the  vasodilatory or metabolic  response  to 
intracarotid ATP. 7 
This  work  has  defined  and  substantiated the  extracellular 
role  of ATP  as  a  regulator of local blood  flow  in exercising 
skeletal and  cardiac muscle.  Upon  critical review  of the 
literature the  role  of adenosine  is most  probably  in the 
modulation of post-exercise hyperaemia.  The  significance 
of circulating nucleotides  and  their derivatives  is  emphasized 
by  the  dramatic  results obtained with  intracarotid infusions 
of ATP.  If adenine  nucleotide  levels  in the  circulation 
can  be  raised,  and  ATP  itself can  have  an effect beyond  the 
blood-brain barrier on  the  brain metabolism,  then the  concept 
of nucleotides having an  'hormonal'  function  in exercise must 
be  considered.  The  results presented  throughout  this work 
provide  complimentary  evidence  for the  existence  of purine 
receptors  as  proposed  by Sattin & RaIl  (1970)  and  Burnstock 
(1978). 8 
INTRODUCTION 
This  collection of published work  represents  the  develop-
ment  of  some  ideas  concerning  the  physiological significance 
of extracellular nucleotides.  The  unusual  finding that  a 
sUbstance  released  from  contracting frog  skeletal muscle 
could actually have  a  stimulatory action when  perfused 
through  an  isolated frog heart has  led  to  many  interesting 
experiments  and  conclusions.  The  identification of the 
sUbstance  as  adenosine  triphosphate  (ATP)  is briefly dealt 
with  in the first abstract and  covered  in detail in the 
second  paper.  The  identification and  assay of ATP  released 
from  active  frog  skeletal muscle  formed  a  sUbstantial part 
of a  dissertation presented as  a  thesis for Doctor of 
Philosophy to  the  University of Glasgow  (1967).  The 
remainder of the material  covers  the  period  1968  - 81 
during which  time  many  new  ideas  and  concepts  were  developed 
concerning the actions  of extracellular nucleotides. 
Seventeen  of the  twenty-one  papers  presented were  published 
in The  Journal  of Physiology,  ten of those  being  in abstract 
form.  Abstracts which  are  published  in The  Journal  receive 
a  rather unique  form  of peer review.  The  Physiological 
Society precirculates among  its members  abstracts  submitted 
for presentation at  a  scientific meeting  of the Society.  A 
ten minute  oral presentation is followed  by  a  five  minute 
period  of discussion.  A  vote  is  then taken  from  the  membership 
as  to  the  suitability of the  abstract  for pUblication  in The 
Journal. 
Three  papers  are  of a  review  nature  (papers  18,  19  & 21). 
The  first of those  was  the  result  of  an  invited lecture given 
at Gif-sur-Yvette,  France, under the  auspices  of the  Gif Lectures 
in Neurobiology.  The  second  was  the  result of an  invitation 
to  participate  in  a  Tutorial Lecture  Series given  by  the 
American  Physiological Society  in October,  1978.  The  third 
review  paper,  'Adenosine  or Adenosine  Triphosphate?'  was 
the  response  to  participate  in  the  satellite  symposium 
'Mechanisms  of Vasodilatation'  held  in Antwerp  as  part  of the 9 
XXVIIlth  International Congress  of Physiological Sciences held 
in Budapest,  July,  1980. 10 
commentary  - paper 1. 
This  short abstract  introduces  the  original methods 
of approach  to  the  problem  of identification of  a  sUbstance 
released  from  contracting frog  sartorius muscle  into  a 
surrounding bathing solution.  The  pronounced  stimulatory 
effect  on  the  frog heart  is  shown with  the  effect  on  extract 
of firefly tails included  in the  insert.  The  identification 
of the  sUbstance  as ATP  seemed  secure  since  firefly extract 
responds  to  ATP  but hardly at all to  ADP,  while  the  frog 
heart  responds  in a  specific manner to  adenosine  triphosphate 
but  in  a  very  different fashion to  the  other purine  and 
pyrimidine nucleotides  (see  Fig.  5 next  paper for response 
to  ITP  and  UTP). [From the Proceedings oj the Physiological, Society, 15 July 1966] 
J01trnal of Physiology, 186, 107-109P 
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Release of adenosine triphosphate from active skeletal muscle 
By T. FORRESTER. Institute of Physiology,  University of Glasgow  and the 
Boyd 1I1edical Research Institute, Glasgow 
In a previous communication (Boyd & Forrester, 1965) it  was shown that 
active frog sartorius muscle liberates a substance which has a pronounced 
stimulatory effect  on the  perfused  frog  heart preparation of Boyd  & 
Eadie (1961). 
Stimulated 
10-7 g/ml.  muscle  5 X 10-0 g/ml. 
ATP  solution  ATP 
-,  ,qilh-, ......--r-Ir-:-,  "T1-"-'r--:-1'  'T!'l'l"  '  !,  ,-r-r  ,o~-r-T"-"I-t;-I'  -r-r-. 5  +-r'" •  Ii!: ji  i  I  :,  C)'  ,::  "'~  i  : 
,  l!!  il  1..  I b~j  i '! iI'  I I  ·llS, ,  'Cardia~  ~utput '  t  f-- "J ~  ~ '~tt  ~.:=.=  11_ .  .1  '  .~ 
A -11  f- (ml.jmin)  I-!--f-- ~  -e-I--·t  ,!-- ... f-- c- f-- -
:=L""  lu..I  lr 
'-I'~~1111_'b+"~4'~++-~'~O-+-+'  +"~  ..  4'1'  ~-~  ~- -I-- .. ,- .  -~  l' 
-L~~~-L~~~~I~~-LL+~~_~~.~-L~~~O 
~~~-r'-~~~-+~~~"rr~"-'~~~~rr.-",100 
Arterial pressure 
(mm  Hg) 
Fig. 1 (a).  Tho response of a  frog heart to perfusion with ATP and with Ringer's 
solution in which a  twitching sartorius muscle was bathed. (b)  The emission  of 
light from fu'efiy tail extract when expoaed to ATP and the stimulated muscle 
solution used in (a) above. 
[l'.T.O. 12 
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It  has now been established that this stimulatory effect was not due to 
changes in the potassium or the calcium concentrations in the Ringer's 
solution bathing the twitching sartorius muscle, nor was it due to release 
of catechol amines from the muscle, since the effect was not blocked by 
adrenergic blocking agents. 
It appears that the stimulatory effect  on the heart is  produced by 
adenosine triphosphate (ATP) released from active muscle. The evidence 
is as follows: 
1.  The action of ATP on the frog heart is qualitatively similar to that 
of the stimulated muscle solution (Fig. 1 a). 
2.  In a chromatography procedure the stimulatory substance is eluted 
through a Sephadex column in the same fractions as adenosine triphosphate. 
3.  The enzyme'  apyrase' catalyses the reaction ATP-Al\IP (K~lckar, 
1943). Adenosine monophosphate does not stimulate the heart. 'When a 
solution of ATP is incubated with apyrase, its stimulatory action on the 
heart is greatly modified. When a stimulated muscle solution is incubated 
with apyrase, its stimulatory action is also modified in the same manner. 
4.  Using a  modification of the luciferase method of assaying the ATP. 
(StrehleI' & McElroy, 1957) it has been shown that the stimulated muscle 
solution causes light to be emitted from a  firefly  tail extract (Fig.  1 b). 
The time course of the emitted light from the test solution was similar 
to that of a known solution of ATP in a similar concentration. 
From these results it is concluded that ATP is released from active frog 
skeletal muscle in vitro. 
This work WHS financed in part by an l\LR.C. grant. The {'ost of equipment was defrayed 
from the D. C. Andrews Fund and tho Rankin Fund of the Uni,-ersity of Glasgow. 
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This  is the full account  of the  measurement  of ATP 
released  from  muscle.  At  this  juncture  a  valid criticism 
was  that  only  damaged  cells could  act as  the  source.  The 
only  argument  presented here against  the  possibility of 
damage  was  the  fact  that  the  potassium levels  in the  bathing 
solution remained at control levels  throughout  a  period of 
30  minutes  soak  (see  Fig.  18a,  Ph.D.  Thesi~. 
13 
Obviously  there would  not  be  the  'stirring'  effect that would 
take  place  when  the  muscle  twitched.  Further discussion 
on  damage  is addressed  in paper 7  (Forrester & Hassan). 
It is to  be  noted  that  the  signals with  the firefly 
test have  not  the  rapid rise time  seen  in later results 
(see  paper 6,  Fig.  2).  This  does  not  reflect the  rate  of 
reaction of ATP  with  the  luciferase  enzyme  but  is merely  a 
function  of the  time  constant  of  the  powerpack  used  to 
deliver the  voltage  across  the  photomultiplier tube. 
The  major  issue  of the  mode  of release  from  muscle  has 
not  been raised yet.  The  suggestion that ATP  might  be 
released by  way  of the  transverse  tubular system was  naive 
but has not  been  completely  ruled  out  since  that time.  The 
last short  paragraph  indicates for the first time  in this 
work  the  possibility that ATP  might  be  involved with  local 
control of blood  flow. J. Physiol. (1968). 199, pp. 115-135 
lV  ith 10 text-figures 
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SUMlVlARY 
ll5 
1.  Active frog sartorius muscle in vitro liberates a  substance into the 
bathing solution which has a pronounced stimulatory action on the frog 
heart. 
2.  The stimulatory effect is not due to an increase in the K+ concentra-
tion of the bathing solution, nor is it due to the liberation of catechol-
amines. 
3.  In a molecular sieve chromatography procedure the stimulatory sub-
stance can be eluted in a single fraction which shows a maximum absorp-
tion of V.V. light at a wave-length of 265 nm, indicative of the presence 
of substances containing a purine ring. 
4.  Low  concentrations  (10-7-10-8 gjml.)  of  adenosine  triphosphate 
(ATP),  adenosine  diphosphate  (ADP)  and uridine  triphosphate  (UTP) 
have a  marked stimulatory action on the frog heart. The action of ATP 
and ADP on the heart is qualitatively very similar to that of the muscle 
bathing solution, while the action of UTP is distinctly differen:: The tri-
phosphates of inosine, cytidine and guanosine stimulate the heart when in 
high concentration only. Adenosine and adenosine monophosphate do not 
stimulate the heart. 
5.  Incubation of the muscle bathing solution and of solutions of ATP 
with the enzyme apyrase for the same time produces a  similar marked 
reduction in the stimulatory action of both on the heart. Apyrase catalyses 
the break-down of nucleotide triphosphates to monophosphates. 
6.  The elution behaviour of the stimulatolJv substance determined by 
molecular sieve chromatography is the same as that for ATP. 
7.  The muscle bathing solution causes light to be emitted from firefly 
lantern extract, the pattern of light emission being similar to that pro-
duced by nucleotide triphosphates. 
8.  The concentrations of ATP having the same quantitative action on 
8-2 15 
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the frog heart and on firefly extract as a  given muscle bathing solution 
are almost identical, whereas the matching concentrations of ADP and 
UTP in the two methods of assay are widely different. 
9.  It is concluded that ATP is released from active frog skeletal muscle 
in vitro.  This release may play an important part in the reactive hyper-
aemia of muscular exercise since ATP has a powerful vasodilator action. 
INTRODUCTION 
During an attempt to  assay  acetylcholine  (ACh)  released  from  frog 
skeletal muscle on the sensitive perfused frog heart preparation of Boyd & 
Eadie (1961) it was found that the bathing solution in which a sartorius 
muscle had twitched repeatedly for  some time produced a  pronounced 
augmentation of the heart beat (Boyd &  Forrester,  1965).'- Clearly some 
stimulatory substance or substances were liberated during muscle activity 
in sufficient quantity to obscure the inhibitory action on the heart of any 
ACh present in the muscle bathing solution. This paper describes experi-
ments which  establish that the principal stimulatory substance in the 
muscle bathing solution was adenosine triphosphate (ATP), and that ATP 
is released from active skeletal muscle in vitro in amounts which can be 
measured accurately by both physiological and biochemical assay tech-
niques. 
The  problem  of  identification  of  the  stimulatory  substance  was 
approached in several ways. In the first place the changes in the pH and ionic 
composition of the bathing Ringer fluid following activity of the muscle 
were measured and tests conducted to show that these changes could not 
account for the stimulatory action of the muscle bathing solution on the 
frog heart. Secondly, the muscle bathing solution was tested by various 
techniques for the presence of sub::!tances known to be concerned in th·.; 
activity of skeletal muscle. Thirdly, the qualitative action of  many ofthese 
substances on the  perfused frog  heart was  compared with that of the 
muscle  bathing  solution.  Simultaneous  measurement  of  heart  rate, 
arterial pressure and cardiac output made it possible to differentiate the 
time course  of action of any substance on the pace-maker and on the 
cardiac muscle itself (Boyd & Pathak, 1965). Thus, although a variety of 
substances stimulate the frog heart, the over-all qualitative action of any 
one suLstance is  accurately reproduced in repeated tests and is almost 
specific for that substance. 
By these  means  the  stimulatory substance ,vas shown to  be one of 
the nucleotide triphosphates or diphosphates. Final proof that it was, in 
fact, ATP was obtilined by demonstration of its almost complete destruc-
tion by a  specific  enzyme,  by measurement of its elution behaviour in 16 
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molecular sieve  chromatography, by the pattern of light emission pro-
duced from fIrefly lantern extract, and by comparative quantitative assay 
on frog heart and firefly lantern extract. 
METHODS 
Single sartorius nerve-muscle preparations from either Rana temporaria or R. pipiena were 
used. The muscle was washed for 10 min in Ringer solution of the following composition: 
NaCl  109 mM;  NaHC03  4·3 mM;  KCl 3·8 mM; CaCl.  1·6 mM; NaH.P04  0·22 mllI;  glucose 
5 mllI; neostigmine 10-8 g/m!. The neostigmine was included to prevent hydrolysis of ACh 
which was being collected for assay in the same solution. The muscle was then immersed in 
2 m!. of Ringer solution, previously aerated with a  9.') % 0 ••  5 % CO. gas mixture, in a glass 
container. The nerve was suspended in air above the Ringer solution and lay across two 
platinum wire electrodes within the container which was corked so that the nerve remained 
moist. The muscle lay unsupported in the Ringer solution so that damage to the  mu'~cle due 
to tearing from any points of attachment was avoided. The muscle was made to twitch 
repetitively by the application of 4 V square pulses, supramaximal for the muscle twitch, 
to the nerve at a frequency of 2 pulses/sec for a period of 30 min. Thereafter, the muscle was 
left to soak for a  further 5 min in the same bathing solution which was then analysed in a 
number of ways. 
Frog heart perJusion 8'lJstem.  The heart was perfused continuously in situ through the 
posterior vena cava with Ringer solution identical to that used for bathing the sartorius 
muscle. The perfusion system was that of Boyd &  Eadie (1961) in which the heart worked 
against a  constant resistance and the arterial pressure, cardiac output and heart rate were 
simultaneously recorded on a moving chart. Since small changes in perfusion pressure may 
produce significant changes in cardiac performance, the perfusion  (venous) pressure was 
monitored continuously. A perfusion system driven by constant air pressure was developed 
so that 1 m!. samples of any solution to be tested could be pcrfused through the heart in 
place of the standard Ringer solution without any appreciable alteration in venous pressure 
either at the start, during, or at the end of the test. 
Measurement oj K+ and GaH  concentration. Measurements of K+ concentration were made 
using an EEL flame photometer. Measurements of CaH  concentration were made llsing the 
complexiometric titration method of  \Vilkinson (19.'57) in which the amount of Ca2+ removed 
fr(  :l  the test solution by chelation with diaminoethanetetra·acetic acid (EDTA) is measured. 
ll-leasurement oj protein liberated Jrom  muscle. The method described by Lowry, Rose· 
brough, Farr &  Randall  (1951)  was used.  The principle depends on the fact that when 
protein containing tyrosine or tryptophan is added to an alkaline solution containing Cu2+ 
a.  blue colour develops. The change in colour intensity was estimated at 62.') nm tlsing a 
Zeiss PMQ II spectrophotometer. 
Molecular 8ieve  chromatography.  Glass chromatography columns were packed with the 
cross-linked dextran gel Sephadex G·25 (Pharmacia, Sweden) as described by Boyd &  For-
rester  (1966).  \Vhen  2 mI.  of a  solution of blue dextran (Dextran  2000,  Pharmacia) was 
placed on top of a column all of the dextran was eluted into a  volume of exactly 3 m!. Any 
newly packed column not meeting this requirement was discarded. 
In each experiment the cohunn was equilibrated with the same Ringer solution as was to 
be used for bathing the sartorius muscle and for perfusing the frog heart. A 2 m!. sample of 
muscle bathing solution was obtained in the usual way and two drops of a  concentrated 
blue dextran solution were added to it. After thorough mixing this sollltion wa. pipetted 
carefully on to the top of the column and its progres8 through the column was followed 
visually. Eluate was collectC'd from the column from the mom3nt when the blue dextran 
first appeared in it. The first 3 mI. fraction containing the dextran was discarded, and ten 17 
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subsequent 2 rol. fractions of eluate wert' collected (I ro!. fractions in a  few experiments). 
Each of these fractions was later perfused through a frog heart to determine which of them 
contained the unknown stimulatory substance (' X '), and also the relative amounts of 'X' 
in each fraction shown by the percentage increase in mean arterial pressure or cardiac out-
put produced. Thus, the elution behaviour of substance 'X' was determined (Fig. 7). 
An identical procedure was carried out in which a known concentration of ATP (disodium 
dihydrogen salt of adenosine-5-triphosphoric acid, British Drug Houses). made up in the 
same Ringer solution as that used to bathe the sartorius muscle, was eluted through the same 
column and the fractions collected were tested on the same frog heart. The concentration 
of ATP used was usually  5 x 10-7 g/ml. since  this produced  about the same degree  of 
stimulation of the heart as a sample of the muscle bathing solution not eluted through the 
column. Thus. the elution behaviour of ATP in very low concentration was determined. 
This molecular sieve chromatography procedure was al!lO  used to remove the protein 
present in the muscle bathing solution. All the protein was recovered in the initial 3 ml. 
dextran fraction and one or two fractions of protein-free eluate were obtained before any 
of substance' X' appeared.  . 
AP"JTaS8  incubation procedure.  The enzyme apyrase, prepared from potatoes, converts 
nucleotide triphosphates to monophosphates. Two enzymes, in fact, are contained in  apyrase: 
adenosine-5'-triphosphatase  and  adenosine.5'-diphosphatase  (Liebecq,  Lallemand  & 
Degueklre-Guillaume, 1963). Pur'ified apyrase crystals (Sigma Co.) in 2 mg amounts were 
added to either  1 m!.  or 2 ml.  samples of ATP in concentrations varying from  10-8  to 
10-6 g/m!. This quantity of apyrase was far in excess of that needed theoretically to convert 
even the largest amount of ATP in any of the samples to adenosine monophosphate (AMP)_ 
Apyrase crystals in 2 mg amounts were added to either 1 ml. or 2 m!. samples of the muscle 
bathing solution. Incubation of all solutions with apyrase took place in a  water·bath at 
30° C for times varying from 5 to 15 min. The samples were then cooled to room temperature 
and perfnsed through the frog heart. 
Firefly luminescence procedllre.  A  modification of the method described by Strehler & 
Totter (1952) was used. A photomultiplier tube 'with a guiding lens system and a  reflecting 
cone was mounted in a light tight container. The tube power supply was adjusted to 1300 V 
since this voltage gave a maximum signal-to-noise ratio. The photomultiplier tube output 
which was proportional to the intensity of the light received, was fed into a.  pen recorder 
with an input impedance of 30 kO (De"ices Sales Ltd.). 
In each experiment firefly lantern extract (type FLE 50, Sigma Co.) was reconstituted and 
0·25 m!. pipetterl into a narrow 0·5 m!. glass cuvette. The cuvette was placed firmly on the 
guiding lens with a  thin layer of optical glue (Silicone Fluid 200, Midland Silicones Ltd_) 
between it and the lens. The pen recorder drive was switched on and then 0·25 ro!. of Ringer 
solution was pipetted into the  cuvette.  The  reflecting  cone and light tight cover were 
replaced. and the tube power supply was switched on. A control recording of the intensity 
and time course of the emission of light from the firefly lantern extract alone was obtained, 
after which the power supply was switched off. A test recording was then obtained by repeat-
ing the whole procedure using 0-25 m!. of muscle bathing solution or of  a. known concentra-
tion of one of the nucleotide triphosphates or diphosphates, in place of the Ringer solution. 
The light signal from the firefly extract alone was small and constant whereas 'the light 
emission produced by a teat solution was greater in magnitude and had a characteristic time 
course of decay (Fig. 8). 
In earlier experiments it was not appreciated that exposure of the photomultiplier tube 
to room illllminutiGn could re",ut in a contil.lled output from the tube for a very long period. 
Even though the complete test procedure was carried out in a darkroom, whenever the tube 
power supply was switched on an output was obtained in the a.bsence of firefly extract 
('dark current'; Fig. Sa). This dark current signal was constant in 3mplitude and free of 
the oscillatioll.9  characteristic of light emission from firefly lantern extract. Under these 18 
RELEASE OF ATP FROM MUSCLE  119 
conditions the dark current had to be subtracted from the test signa.l before a true value for 
the light emission from the firefly lantern extract was obtained. The photomultiplier tube 
was stored in the dark for a month and in subsequent experiments, carried out under a red 
darkroom safety light, the dark current was zero (Fig. 8b-e). 
The time elapsing between the moment of addition of the test solution to the firefly 
lantern extract and the moment when the tube supply voltage attained its maximum value 
was about 10 sec. Thus, the initial 'flash' of light emitted was not recorded. Nevertheless, 
light signals of appreciable magnitude and characteristic time course were obtained using 
both muscle bathing solutions and known concentrations of nucleotide tripbospbates or 
diphosphates. 
RESULTS 
Frog sartorius nerve-muscle preparations were suspended in  2 ml.  of 
frog Ringer solution and made to twitch repetitively by application of 
supramaximal stimuli to the nerve at a  frequency of 2jsec for t hr.  The 
muscle twitch was well maintained throughout the period of stimulation 
in every experiment. Muscle bathing solutions obtained from  fifty-two 
active frog sartorius muscles were perfused through a total of thirty-seven 
frog hearts. In every case a marked augmentation of the force of cardiac 
contraction was produced (e.g. Figs. 1,2,5, 6b, 9; test 'X'). 
Each muscle bathing solution was analysed using the various procedures 
described in Methods. The term 'muscle bathing solution' as used below 
implies one in which an active muscle was suspended. In a  few experi-
ments a 2 ml. sample of Ringer solution, in which an inactive muscle was 
suspended for t hr, was analysed. Such solutions are specifically refelTed 
to as having been obtained under resting conditions. 
Changes in pH and ionic composition of the m1lscle bathing solution 
The pH of the Ringer solution in which the muscle was bathed was 
initially 7·2. After the period of muscle a"tivity the pH varied from 7·2 to 
7·9. It was shown previously by Boyd & Pathak (1965) that alterations of 
pH within this range do not affect the frog heart. 
Changes in the K + concentration of the bathing solution were expected 
as a result of the ion fluxes during propagation of muscle action potentials. 
Further, some K+ efflux from  damaged muscle fibres  was a  possibility. 
No significant change in K+ concentration was found in solutions in which 
resting frog sartorius muscles were bathed for t hr, An average increase of 
21 % was found in the K+ concentration of solutions bathing seventeen 
sartorius muscles following  the standard period of activity described in 
Methods. The maximum increase in anyone experiment was 41 %.  Six 
frog hearts were perfused with Ringer solution containing up to twice the 
normal amount of K + and in no case was a stimulatory effect similar to 
that produced by the muscle bathing solution found. One experiment is 
illustrated in Fig.  1.  This heart was continuously perfused with Ringer 19 
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solution containing 2·9 ml\l-K+. Perfusion for! min with a muscle bathing 
solution containing  3·6 ml\I-K  + resulted in typical augmentation of the 
force  of cardiac  contraction.  Perfusion for  1 min with Ringer solution 
containing  3·7 mllI-K+  produced  no  change  in  cardiac  activity.  Thus, 
efflux of K + from active muscle was excluded as a cause of the observed 
stimulatory effect. 
Control  'X'  'X' 
Fig, I  Fig. 2 
Fig.  1.  Comparison of the action on a  perfused frog heart of a  'muscle bathing 
solution' containing unknown stimulatory substance (' X') with that of Ringer 
solution containing a high K + concentration (3'6 rrm). Heart continuously perfused 
in situ with Ringer solution containing 2,9 m~I·K+.  Cardiac output, arterial pressure 
and  heart  rate  recorded  simultaneously.  K+  concentration  of muscle  bathing 
solution,  3·7 mM,  t. fall  in perfusion pressure during fiu"'1ing  of,residual test 
solution  from  venous  pressure  transducer  (Boyd  &  Eadie.  1961).  Note  that 
increase in K + concentration alone did not stimulate the heart. 
Fig, 2.  Comparison of the stimulatory action of the same muscle bathing solution 
(' X') on a  perfused  frog  heart before and  after adrenergic  blockade.  Vertica.l 
interrupted line,  2 hr period during which heart was perfused with pronethalol 
hydrochloride (10-0 g/m!.) and ergotamine tartrate (10-· g/ml.) in Ringer solution. 
Action of 'X'  was not  affected  by the blocking agents. Dotted trace indicates 
actual cardiac output during failure of drop counting mechanism. 
Both influx  and efflux  of small  amounts  of Oa2+  take  place during 
muscle activity; McLea.n & Hastings (1934) reported that small changes 
in Oa 2+ concentration could affect the frog heart. The Oa2+ concentration 
of the Ringer solution in the present work varied from  0·95 to 1·13 m:\I, 
while that of fourtpen muscle bathing solutions varied from 0·92 to 1·22 
m:\I; the mean value was 1·08 m:u in both sets of measurements. A change 20 
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in Ca2+ concentration from 0·9 to 1·4 mM in the Ringer solution perfusing 
three frog hearts produced no stimulation of the heart comparable with 
that produced by the muscle bathing solution, so that a  change in Ca2+ 
concentration in the muscle  bathing solution was not the cause of its 
stimulatory action on the heart. 
Substances concerned in muscle activity 
Protein.  The  protein  content  of the  muscle  bathing  solutions  was 
estimated by the method of  Lowry et al.  (1951). The total protein liberated 
from sixteen muscles during the standard period of muscle activity varied 
from  80  to 360 pg  (mean  220 pg),  whereas the amount liberated from 
twenty resting muscles during the same period ranged from 55 to 180llg 
(mean 125pg). Fifteen resting muscles which were shaken vigoronsly in 
2 ml. of Ringer solution for i hr liberated protein in amounts varying from 
115  to  245pg  (mean  180llg),  suggesting  that  the  twitching  muscle 
liberates protein which is extracellular in origin. 
\Vhen four muscle bathing solutions were eluted through a  molecular 
sieve chromatography column as described in Methods all the protein was 
recovered in the first  3 rol.  fraction  collected in every case.  One  such 
protein-containing fraction  was  perfused through  a  frog  heart and no 
stimulation was produced. Protein was thus excluded as a  cause of the 
stimulatory effect. 
Catecholamines.  Adrenaline released from sympathetic nerve terminals 
in frog muscle would stimulate the frog heart. The release of  catecholamines 
in sufficient amount to produce the observed degree of stimulation was 
highly unlikely; nevertheless, the possibility was excluded by the use of 
adrenergic blocking agents.  In the experiment illustrated in Fig.  2 the 
stimulatory action on the heart of a muscle bathing solution was un~1tered 
by pronethalol and ergotamine in amounts sufficient to block the action 
of noradrenaline (10-6 gjml.).  Similar results were obtained in five  other 
experiments using adrenaline. 
Purine ring compounds. Ten muscle bathing solutions were examined 
using U.V. spectrophotometry to see if there were any particular wave-
lengths at which  there  was  maximal  absorption  of light.  The protein 
present in the solution obscured any peaks that might have been present 
(Fig. 3a). 
As described above, however, all the protein could be removed in the 
first fraction of eluate collected from a  molecular sieve chromatography 
column. Further, almost aU  the stimulatory substance was recovered in a 
volume of 14 ml. ur Ie:;:; eluted through the column some time later. Three 
muscle bathing solutions were eluted through a  chromatography column, 
and samples of eluate which had a pronounced stimulatory action on the 21 
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heart were examined by U.V. spectrophotometry. In each case a maximum 
absorption of U.V. light occulTed at a wave-length of about 265 urn (Fig. 
3b). This was indicative of the presence of substances containing a purine 
ring, such as ATP, which show maximum absorption ofU.V.light at this 
wave-length when dissolved in Ringer solution (Fig. 3c). 
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Fig. 3.  Compari:lon of ultraviolet absorption spectra of mu~cle bathing solutions 
and ATP. 
a.  Muscle  bathing solution after standard  period  of indirect  stimulation  of 
muscle. Absorption peaks obscured by presence of protein. 
b.  Similar muscle bathing solution after removal of protein by column chromato. 
graphy. Peak of absorption at 265 urn wave-length in sample of eluate having pro-
nounced stimulatory action on the heart. 
c.  Peak  of absorption at  265 nIll  in  solution  of ATP  (10-0 g/mJ.)  in Ringer 
solution. 
Altho'_!gh the absorption peak for the stimulatory column fraction 'was 
not very pronounced, presumably because the stimulatory substance was 
present in low concentration only, this test suggested that it would be 
vrofitable to l:ituuy the action of purine ring comvounds on the frog heart 
in detail. 22 
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Qualitative action of  purine ring compounds on the frog heart 
Experiments  in  the  present  work  verified  that adenosine  does  not 
stimulate the frog  heart, as was shown previously by Drury &  Szent-
Gyorgi (1929), by Ostern & Parnas (1932), and by FlOssner (1934); nor do 
the other nucleosides  inosine,  cytidine,  uridine or guanosine.  The tri-
phosphates of adenosine and all the other nucleosides listed above, how-
ever, do stimulate the heart although there are qualitative and quantita-
tive differences in their actions (Fig. 5). The stimulatory action of ATP on 
2·Sx10-7  Sx 10-7  7·Sx10-7 
:F'ig. 4.  The response of  a perfused frog heart to progressively increasing concentra. 
tions of ATP in Ringer solution. ATP concentration in g/m!.  indicated above 
corresponding marker step.  Note that low concentrations of ATP have a  pure 
inotropic action while higher concentrations have a triphasic chronotropic action 
in addition. 
the heart was first described by Ostern & Parnas (1932) while Buday, Carr 
& Miya (1961) and Versprille (1963) have shown that ATP has an immedi-
ate inotropic effect on the frog heart. 
In the present work it was found that ATP had a pure positive inotropic 
action when in concentrations of 10-9-10-8 g/ml., and occasionally up to 
5 X 10-8 g/m!.,  the increase in the force  of contraction producing a rise 
in mean arterial pressure and cardiac output without any change in heart 
rate  (Fig.  4).  In greater concentration  (10-7-10-6 g/ml.)  the maximum 
inotropic effect of ATP was achieved rapidly with a  consequent sharp 
peak in the arterial pressure recording, and a chronotropic action was also 
evident. The action of ATP on heart rate ""as typically triphasic, a small 
rise in rate coincident with the positive inotropic effect being followed by a 
fall in rate which in turn was followed by a  more prolonged rise in rate 2J 
124  I.  A. BOYD AND T.  FORRESTER 
which persisted. after perfusion with ATP was discontinued and which 
increased  with  concentration.  Adenosine  diphosphate  (ADP)  had  a 
qualitative and.  quantitative action on the heart very similar to ATP. 
Adenosine monophosphate (AMP) did not stimulate the heart. 
If  the action of the muscle bathing solution on the heart shown in Figs. 
1 and 2 is compared with that of low concentrations of ATP in Fig. 4, it 
'X'  Control  5 X 10-8  UTP 
en  _ c 
Fig. 5.  Part of an assay of a  muscle bat}  'ng solution (' X ') on the perfused frog 
heart against the triphosphates of inosine  (ITP),  uridine  (UTP) and adenosine 
(ATP). The action of' X' on cardiac output and arterial pressure was less than that 
of ATP (5 x 10-8 g/ml.) but much greater than, and qualitatively different from, 
that of UTP (5 x 10-8 g/ml.); ITP (5 x 10-7  g/ml.) did not stimulate the heart. See 
also assay of same muscle bathing solution on firefly lantern extract (Fig. Sd). 
will  be  seen  that stimulation  of comparable  time  course  is  produced. 
Furthermore, the inotropic and.  chronotropic actions of ATP and of the 
muscle bathing solution on the same heart in Figs. 6 and 9 are very similar. 
On the other hand, the action of UTP in low concentration on the heart 
differs qualitatively from that of ATP or of the muscle bathing solution; 
the concentration of UTP having the same inotropic action as a  given 
concentration  of ATP  has  a  much  more  pronounced  and  long-lasting 
chronotropic action. The triphosphates of inosine, cytidine and. guanosine 
have no action on the heart in concentrations 10 times greater than that 
at which ATP and UTP have a  marked. effect (Fig. 5), and stimulate the 24 
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heart only when in concentrations of the order of 10-5 g/m!. Even then 
their action differs qualitatively from that of ATP or of muscle bathing 
solutions. 
This evidence strongly suggested that the stimulatory substance was 
either ATP or ADP, but for its final identification a  specific test to dis-
tinguish triphosphates from diphosphates was required. 
Abolition of activity by a specific enzyme 
The  enzyme  'apyrase'  decomposes  nucleotide  triphosphates  in  two 
stages, converting them first to diphosphates and then to monophosphates. 
In the present work it was found that the monophosphates of adenosine, 
inosine and cytidine, even in a  concentration of the order of 10-5 g/m!., 
did not stimulate the frog heart. An incubation period of 10 min was fouIld 
to be the minimum necessary to complete the conversion of ATP to AMP, 
judged by the abolition of the stimulatory action of ATP on the frog heart 
(Fig.  6a). This is in agreement with the results of Traverso-Cori  &  Cori 
(1962) who showed by biochemical techniques that AMP is not produced 
from ATP until after 10 min incubation with apyrase. 
Seven  experiments were  carried out in which the solutions bathing 
different active sartorius muscles were each perfused through a  different 
frog heart. In each case the action of the muscle bathing solution, before 
and after incubation with apyrase, was compared with that of solutions of 
ATP similarly treated. In every experiment the initial inotropic action of 
both ATP  and muscle bathing solution was abolished by apyrase (Fig. 6). 
Control samples of Ringer solution incubated with apyrase had no action 
on the heart, while a  final test with pure ATP showed that the apyrase 
itself had not modified the sensitivity of  the heart. Thus, it was established 
that the unknown stimulatory substance was either a  triphosphate or a 
diphosphate. 
In an attempt to distinguish between triphosphates and cliphosphates, 
the action on the heart of solutions of ADP, before and after incubation 
with apyrase, was studied in two of the above experiments. It  was antici-
pated that the time of incubation necessary to produce abolition of the 
action of ADP would prove to be significantly less than that for ATP. 
However,  because of the variability in the required incubation time in 
different experiments, it was not possible in practice to distinguish ATP 
from ADP by the apyrase test. 
JJI easurement oj elution behaviour in column chromatography 
'Vhen  any  muscle  bathing  solution  was  eluted through a  Sephadex 
column prepared as described in Methods, a  constant elution pattern for 
the stimulatory substance was obtained even when different columns were 25 
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used. Successive 2 ml. samples of eluate were perfused through the frog 
heart, and their action compared with that of a  sample of the original 
muscle bathing solution. The first few millilitres of eluate had no stimula-
tory action, whereas five or six subsequent 2 ml. samples had a stimulatory 
a  10-' 
ATP 
10-' 
ATP+ 
Apyrase 
10-' 
ATP 
b 
c 
c  'X'  c 
c 
'X' 
+Apyrase  c 
c 
'X' 
Fig.  6.  Comparison  of the action on the same frog heart of ATP  (10-. g/m!.) 
(Fig.  6a)  and a  muscle bathing solution (' X', Fig.  6b) before and after 15 min 
incubation of each solution with apyr<.l8f' (1  mg/ml.) at 30° C.  Apyrase abolished 
the initial inotropic action of both ATP anu • X'. Later tests showed that apyrase 
itself diu not alter the sensitivity of the heart to either ATP or • X'. 0, control 
perfusiou with Ringer solution. ~ 
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Fig. 7.  Comparison of the elution behaviour of ATP and the unknown stimulatory 
substance  (' X ')  in a  molecular eieve chromatography column.  The histograms 
show the stimulatory action of successive samples of eluate on the perfused frog 
heart (ATP, unshaded histograms; 'X', shaded histograms). 
a.  2 ml. of A'l'P  (5 x 10-1 g/ml.)  eluted  through a  column;  2 ml. samples of 
eluate were tested. 
b.  2 ml. of a muscle bathing solution eluted through same column as in a. 
c.  2 m1.  of ATP (5 x 10-' g/m1.) eluted through a  different column. 
d.  2 m1. of a second muscle bathing solution eluted through Bame column us in c. 
e,  2 ml. of another muscle bathing solution eluted through a third column; 1 m1. 
samples of eluate were tested. 
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action on the heart (Fig. 7 b,  d). The degree of stimulation is expressed in 
Fig.  7  as the percentage increase in cardiac output produced by each 
sample. In everyone of four experiments the peak in the elution pattern 
of the stimulatory substance occurred about  13 m!.  after the start of 
collection of eluate. Almost all the stimulatory substance was recovered in 
about 12 m!. of eluate, first appearing about 5 mI.  after the start of col-
lection. The elution pattern was independent of the volume of  the fractions 
collected for testing on the heart (Fig. 7 e). 
A  2 m!.  sample of ATP in a  concentration producing approximately 
the same degree of stimulation of the heart as the muscle bathing solution 
(usually  ATP,  5 x 10-7 g/m!.),  was  eluted through the same column as 
each of the corresponding muscle bathing solutions. Elution patterns for 
ATP in two experiments are sho,vn in Fig. 7 a,  c. In every experiment the 
elution behaviour of ATP was almost identical to that of the stimulatory 
substance.  These results provide further evidence that the stimulatory 
substar.ce was ATP or a  closely related substance.  Owing to the com-
plexity of these experiments determination of the elution behaviour of the 
other nucleotide triphosphates was not attempted. 
Emission of light from firefly lantern extract 
When ATP is added to an extract of fireflies  a  flash  of light appears 
immediately and lasts for a considerable time, the intensity and duration 
of the flash  depending on the concentration of ATP present (McElroy, 
1947). In a later study Strehler & McElroy (1957) found that the reaction 
was highly specific for ATP, no light signal being produced by the triphos-
phates of inosine, uridine and guanosine. 'With the firefly lantern extract 
used in the present work, however, equal concentrations of the triphos-
phates of adenosL.e,  inosine,  uridine,  cytidine and guanosine produced 
light signals which were almost exactly the same in magnitude and time 
course. A comparison between the light produced by 5 x 10-8 g/m!. of both 
ATP and UTP is  shown in Fig.  8d.  A  given concentration of ADP pro-
duced a  much smaller light signal than the same concentration of ATP 
(Fig.  8e).  With  the  technique  employed  in  the  present  work  small 
differences in  concentration of any triphosphate could be discriminated 
easily (Fig.  8e). 
Muscle bathing solutions from ten sartorius muscles were tested on firefly 
extract. In nine of these tests an emission of light was produced which 
could be matched in magnitude and time course with that produced by a 
particular concentration of ATP or other llucleotide triphosphate (Fig. 8b, 
d). In one experiment the emission of light produced by a muscle bathing 
solution was abolished after incubation of the solution with apyrase (Fig. 
Sa). 28 
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+  d.c. +  ... 
r  I~ 
IsmV  (b) 
Control  t  -+  'X' 
.I  l 
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~  .. 
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t  4x10-8ATP  t 
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Fig. 8.  Emission of light from firefly lantern extract by the unknown stimulatory 
substance (' X ') and by nucleotide triphosphates. t,  1300 V power  supply to photo-
multiplier tube switched on;  -1-, power switched off. Dark current (d.c.) appreciable 
in record a, but zero in records b to e.  For each test 0·25 m!. of muscle bathing 
F;olution (' X '), or nucleotide triphosphate solution, L  .Lded to 0·25 m!. firefly extract. 
Control, 0·25 ml. saline added to 0·25 m!. firefly extract. 
a.  Emission of light by a muscle bathing solution (' X') exceeded that of control 
and the difference was abolished by incubation of' X' with apyrase for 15 min at 
30° C. 
b.  Comparison of light emission produced by a  second muscle bathing solution 
with that produced by ATP (10-7 g/m!.). 
c.  Finely grl\ded emission of light produced by progressively increasing con-
centrations of ATP (g/m!.). 
d. Assay of another muscle bathing solution against ATP and UTP. Response to 
'X' equivalent to ATP (10-8 g/m!.) and less than that produced by 5 X  10-8 g/m!. 
of any  nucleotide  triphosphate.  For assay of same muscle bathing solution on 
frog heart see Fig. 5. 
e.  Comparison of light emission produced by similar concentrations of ATP and 
ADP. ADl' IS upproximately 10 times less potent than A'l'P. 
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Assay of stimulatory substance 
As a result of the procedures described above it was concluded that the 
stimulatory substance was either ATP, ADP or UTP. By comparing the 
concentrations  of each  of these  substances  which  produced  the  same 
magnitude of response as a given muscle bathing solution in tests using 
both frog  heart and firefly  lantern extract it was established that the 
stimulatory substance was, in fact, ATP. 
A  typical assay of a  muscle bathing solution against ATP and UTP 
using the firefly technique is illustrated in Fig. 8d. A test with the muscle 
bathing solution between tests with two known concentrations of ATP 
showed  that  the  unknown  stimulatory  substance  (' X ')  caused  light 
emission equivalent to ATP in a concentration of 10-8 g/m!. and much less 
than that produced by ATP or UTP in concentrations of 5 x 10-8 g/m!. 
In nine similar experiments the concentration of nucleotide triphosphate 
which matched the action of  different muscle bathing solutions varied from 
10-8 to 5 x 10-8 g/ml. 
A typical assay of a muscle bathing solution against ATP using the frog 
heart technique is illustrated in Fig.  9.  The unknown stimulatory sub-
stance (' X') had an inotropic action on the heart slightly less than that 
produced in an immediately preceding test with ATP (2'5 x 10-7 g/ml.) 
and slightly greater than that in a later test with ATP (10-7 g/ml.). An 
assay in a  second experiment is represented graphically in Fig.  10.  The 
concentration-response relation for  the action of ATP on this heart is 
represented by crosses, while an assay at a different time in the experiment 
is  indicated  by  circles.  A  test  with  a  muscle  bathing  solution  (filled 
circle)  was  preceded  and  followed  by  tests  with  ATP  (open  circles) 
and the stimulatory substance had an action equivalent 4-0 that of ATP 
(9 x 10-
8  g/ml.).  In a  total of eighteen experiments on different  hearts 
the action of the stimulatory substance was equivalent to concentrations 
of ATP varying from  10-8 to 10-6 g/m!.,  the matching concentration in 
most  cases  being between 10-8  and 5 x 10-8 g/m!. as in the assays using 
the firefly technique. 
In contrast,  the  concentration  of UTP having the equivalent initial 
illotropic action on the heart as  a  muscle bathing solution was always 
greater than 10-
7 g/m!. Since this concentration of UTP always produced 
a  far greater emission of light from firefly lantern extract than was ever 
obtained  with any muscle  bathin~ solution,  the stimulatory substance 
could not have been UTP. 
In three experiments it proved possible to assay the same muscle bathing 
solution against ATP  using both  heart  and firefly  techniques.  In one 
experiment the equivalent concentration of ATP was 9 x 10-8 g/m!. in the 30 
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heart assay (Fig.  10) and the same muscle bathing solution when tested 
2 hr later by the firefly technique matched a concentration of ATP of 5 x 
10-8 g/ml. (Forrester, 1966, fig.  1). In a second experiment the equivalent 
concentration of ATP in the heart assay was clearly less than that pro-
duced by 5 x 10-8 g/ml. and about the same as would have been produced 
2·5 x 10-7 
ATP 
Marker 
Cardiac output  b  (ml./min),  ::.  ..• ·_+-=to=o 
~ 
Heart rate 
(beats/min) 
10-7 
'X'  ATP 
I 
= 
~ 
5 
4 
3 
2 
0 
SO 
40 
30 
20 
10 
0 
100 
80 
60 
40 
20 
0 
Fig. 9.  Assay of a  muscle bathing solution (' X ') against ATP on a  perfused frog 
heart. Action of' X' on both pace-maker and on ventricular muscle was equivalent 
to that of a.  concentration of ATP between 10-7  and 2·5 x 10-7 g/m!. 
by 10-8 g/ml.  (Fig.  5); the matching concentration of ATP in the firefly 
assay was  10-8 g/ml.,  also  (Fig.  8d).  In this second experiment the pos-
sibility that the stimulatory substance was UTP was definitely excluded. 
The matching concentration of UTP in the firefly assay was clearly much 
less  than 5 x 10-8 g/ml. (Fig. 8d), whereas the matching concentration in 
the heart assay was obviously much greater than 5 x 10-8 g/ml.  (Fig. 5). 
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The emission of light from firefly lantern extract "by ADP was only one 
tenth of that produced by the f:;ame  concentration of ATP (Fig. Se). Since 
equivalent concentrations of ADP and ATP have the same action on the 
frog  heart,  in  neither  of the  experiments  described  above  could  the 
stimulatory substance have been ADP. Thus it was concluded that the 
stimulatory substance was ATP. 
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5 x  7·5 X 
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2·5x  5x  7·5x 
10-6 
:Fig.  10.  Graphical representation of an assay of a  muscle bathing solution (' X') 
against AT P  Oil the perfused frog heart. Crosses, concentration-response relation 
for the action of ATP on cardiac output (derived from Fig. 4). Circles, response in a 
later t('st with a  muscle bathing solution (filled circle) preceded and followed by 
tests with  two concentrations of ATP (open circles) in a  similar experiment to 
Fig. 9.  Assay result, 'X' equivalent to a  concentration of A'l'P of 9 x 10-
8 g/ml. 
The output of ATP from eighteen sartorius muscles during the standard 
period of nenre f:;timulation varied from 2 x 10-8  to 10-6 g,  the mean out-
put  being  4 x 10-7 g.  Since  the  average  wet  weight  of  four  sartorius 
muscles was 50 mg, the mean output of ATP per gram of wet muscle was 
approximately S fig. About 30 % of the weight of wet muscle is contributed 
by extracellular fluid (Dydynska & 'Vilkie, 1963), so that the mean output 
of ATP per gram of dry muscle was 11·4 pg (0·018 pmole). The amount of 
ATP situated intracellularly has been estimated at 2-4/lmolejg dry muscle 
plan~chal, 10640)  so that the:c ,,'as a  loss of roughly 1-2 % of the intra-
cellular ATP inlu lhe muscle bathing solution during the standard period 
of f:;timulation. 32 
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DISCUSSION 
Since  adenine  nucleotides  are  present  in  abundance  intracellularly 
(Glick,  1946), it is possible that damaged muscle cells release significant 
amounts of ATP into the surrounding bathing solution. Damaged cells 
may also liberate K+ into the bathing solution. The fact that there was no 
rise in the K+  level in resting muscle bathing solutions shows that the 
muscle fibres for all practical purposes were undamaged. In any case the 
contents of  any grossly damaged cell would have been completely removed 
during the washing procedure which preceded the period of stimulation. 
In one experiment a  resting muscle  was  deliberately damaged with a 
resultant increase in the K + concentration in the bathing solution of  almost 
100%. 
Caspersson  &  Thorell  (1942)  were able to locate the position of the 
adenylic acids in living skeletal muscle from various species. They noted 
that these substances were most concentrated nearest to the I-band of 
the sarcomere presenting a pattern of  sharply differentiated light and dark 
bands traversing the muscle fibres. After vigorous exercise of the muscle 
the sharp differentiation was'  more or less smudged out', as would be the 
case  if the adenylic  acids  had  been extruded from  the  muscle  fibres. 
Huxley (1964) and Page (1964) have shown independently t)J.at particles 
as large as ferritin and colloidal gold (diameters II and  20 nm, respec-
tively) can penetrate to the central element of the triad formation (T-
system)  when  externally  applied  to  frog  muscle  fibres.  These  studies 
provided the first direct evidence of continuity between the lumen of the 
trnnsverse tubules and the extracellular space in frog  skeletal muscle. 
Endo (1966)  confirmed this when he found that various fluorescent dyes 
could diffuse freely in and out of  frog skeletal muscle; the dyes accumulated 
in a pattern of bands each of which corresponded in position to one of the 
'l'-tubules.  Hill  (1959),  while  studying the  problem  of the  location  of 
adenine nucleotides in frog skeletal muscle, showed that about 70% of 
incorporated labelled material  (principally ATP) lay within the I-band 
of the sarcomere; he noted that this nucleotide seemed to have 'a trans-
verse freedom of movement within the muscle fibre'. He suggested that 
the facility for this transverse diffusion could be provided by the sarco-
plasmic reticulum. It may be that in the present work the ATP found in 
the muscle bathing solution was released by way of the transverse tubular 
system ofthe sarcoplasmic reticulum during activity of  the sartorius muscle. 
The release of ATP from  contracting muscle may play an important 
role in the production of hyperaemia in skeletal muscle during exercise, 
since it has long been known that ATP is a powerful vasodilator substance 
(Fleisch & Weger, 1937; Folkow, 1949). 33 
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This  short note  was  the  result  of an  experiment  of  a 
quite  controversial nature.  The  extensive ATPase  activity 
of whole  blood  and  blood  plasma had  been well  known  since 
the work  of Jorgensen  (1956).  Contemporary  argument  was 
that ATP  could not  possibly exist  in blood  plasma because 
of these  enzymes.  However  the  converse  argument  was 
adopted  by  the  author  - if there are  so  many  extracellular 
ATPases  in the  blood,  then  perhaps  they  are  there  for  a 
purpose,  specifically to  degrade  any  ATP  that might  enter 
this fluid  compartment.  The  process  could  be  either 
deamination or dephosphorylation,  both  of which would 
effectively abolish the  vasodilatory property of ATP. 
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The identification of adenosine triphosphate in fresh human plasma 
By T. FORRESTER.* Institute of Physiology,  University of Glasgow 
\'\Then  diluted fresh human plasma is perfused through a  frog heart a 
pronounced stimulatory effect is  produced which is  almost identical to 
that produced on the frog heart by low concentrations of ATP. 
Samples of whole  blood  were  obtained from  the antecubital vein in 
twenty-two subjects. Each subject was instructed to keep the forearm 
musculature as relaxed as possible. The samples were mixed with 0·3 % 
EDTA, centrifuged at 4° C for 25 min and the supernatant plasma diluted 
1: 10, 1: 20 or 1: 25 with Locke solution.  Each solution was then immedi-
ately tested on the perfused frog heart system of Boyd &  Eadie (1961), 
and on firefly lantern. extract (Type FLE 50, Sigma) using a modification 
of the technique of Strehler &  McElroy (1957).  Continuous perfusion of 
the  frog  heart with  Locke  solution was  possible without alteration of 
performance. 
The procedures for the identification of ATP were the same as those 
used in the detection of ATP released from active frog sartorius muscle 
(Forrester,  1966;  Boyd &  Forrester,  1968).  Diluted plasma from  every 
subject caused light to be emitted from  firefly  extract, a  test which is 
reputed to be highly specific for ATP (StrehleI' & l\IcElroy, 1957). Diluted 
plasma from six subjects had the same stimulatory effect on frog heart as 
that of low concentrations of ATP; this effect was abolished in every case 
after  incubation  of the  solution  with  the  enzyme  'apyrase'.  Using a 
molecular sieve chromatography technique (Boyd &  li'orrester, 1!J66), the 
elution behaviour of  the substance in the plasma stimulating the frog heart 
was the same as that for ATP. 
"9:aving established that ATP can exist in fresh human plasma in spite 
of the  fact  that plasma  contains  enzymes  capable  of degrading  ATP 
(Ireland & Mills, 1964), a quantitative estimation was undertaken. Plasma 
from ten subjects was tested on firefly extract, two of  these solutions being 
simultaneously assayed on a frog heart. The mean concentration of ATP 
in the plasma was 0·57/tg/m!.  (S.D. ± 0·24).  Similar values for  the con-
centration of ATP were obtained for the two samples assayed on frog heart 
and firefly  extract. That the parallel assay gave closely matching results 
is further evidence for the stimulatory substance in the plasma being ATP, 
since the frog heart technique can distinguish between ATP and other 
triphosphates,  while  the  firefly  extract gives  only  a  slight  response  to 
equivalent concentrations of diphosphates (Boyd &  Forrester, 1968). 
*  Address for one year: Department of Biophysics, Univer~ity College London, W.C.I. 
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The source of the ATP in plasma has not yet been fully determined but 
it has been demonstmted recently that the concentration of ATP in the 
venous effluent from  active forearm  muscles  rises  markedly above the 
resting levels (T. Forrester & A. R. Lind, unpublished). 
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With  the  identification of ATP  in human  plasma  the 
natural experiment  to  follow was  the  measurement  of ATP 
in the  venous  effluent from  exercising muscle.  The  stand-
ardization of muscular exercise  in vivo  (voluntary)  is not 
an  easy  procedure,  but at this  time  Professor Henry  Barcroft 
drew  the  author's attention to  the  work  of A.R.  Lind  and 
his  colleagues  who  had  perfected  a  way  of measuring the 
blood  flow  through  the  human  forearm  at various  standard 
levels of  isometric  exercise.  A  combination  of the  two 
techniques,  ATP  measurement  in human  plasma  and  measurement 
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Adenosine triphosphate In  the venous effluent 
and its  relationship to  exerCIse
l 
T. FORRESTER AND A. R. LIND 
Indiana  University Cardiopulmonary Laboratory, 
Wright-Patterson Air Force  Base,  Ohio 
SUSTAINED  OR  STATIC  CONTRACTIONS  bring  about  a 
remarkable  rise  of  both  systolic  and  diastolic  blood 
pressure  and,  in  consequence,  mean  blood  pressure 
(15-18).  For  example,  it  is  not  uncommon  to  find  a 
mean blood pressure in excess of 140 mm Hg at the end 
of a  handgrip contraction held  to the point of fatigue. 
The concomitant increase in  the heart rate is  modest, 
and values rarely exceed  120  beats/min. On release  of 
the muscular tension, both the heart rate and the blood 
pressure immediately  begin  to fall,  and usually  return 
to  resting  values  in  about  a  minute.  The  other well-
defined cardiovascular response to sustained contractions 
is the local increase of blood flow in the active muscles. 
Unless the tension is very high,  the forearm blood flow 
increases  during  the  handgrip  contraction  (15).  After 
the tension is released, the flow increases again to a peak 
value and then returns relatively slowly to resting values 
over a pel'iod of several minutes (15,  16). The dimellsion 
and duration of the postexercise hyperemia depend to a 
large extent on the preceding muscular tension and its 
duration. Thus, both the systemic circulatory responses, 
represented by changes of blood pressure and the heart 
rate, and the local blood How to the muscles behave in a 
similar  manner  during  the  sustained  contraction,  but 
afterwards  the  systemic  responses  are  in  a  different 
direction and have a  different time sequence from those 
found in the blood flow to the muscles. 
The  mechanisms  controlling  these  different  cardio-
vascular functions remain unknown. Little attention has 
been  paid  to  defining  the  mechanism  for  the  rise  of 
blood  pressure  during  sustained  contractions;  the  sug-
gestion that it may be due to an increase  in  potassium 
efflux  (5,  17)  must remain speculative at present.  It is 
nearly  a  hundred  years  since  Gaskell  (II)  suggested 
that some substance released fr0111  a  contracting muscle 
1 The  research  reported  in  this  paper  was  sponsored  by  the 
Aerospace  Medical  Research  Laboratories,  Aerospace  :Medical 
Division,  Air  Force  Sy~tems  Command,  \Vright-Patterson  Air 
Force  Base,  Ohio  45433,  under  Contract  no.  AF  33(615)2922 
with Indiana University Medical Center. This paper is  identified 
as  AMRL  Technical  Rept.  no.  AMRL-TR  Gll-IBO.  Further 
reproduction is authori<:ed to satisfy the needs of the U.S. Govern-
ment. The voluntary informed consent of the subjects used in this 
research was obtained as required by Air Force Regulation 169-8. 
was responsible for  the local vasodilatation. Sincc then, 
many attcmpts have been made to define the substance 
responsible,  but  with  no  success  (1,  12),  although  a 
recent description of the effects  of inct'eased  potassium 
in the presence of a  low O 2  tension  may be important 
(21).  ' 
Adenosine triphosphate (ATP) has long been known 
as a  potent vasodilator (6) and is also known to have an 
important  role  to  play  in  the  contractility  of cardiac 
muscle  (19).  Earlier attempts  to  demonstrate  ATP in 
the effluent of active muscle proved fruitless and led to 
the  rejection  of  this  as  the  substance  responsible  for 
exercise  hyperemia  (8,  13).  However,  the  recent  de-
scription of procedures by which very small amounts of 
ATP can be identified and measured (3,  10,  14,  22) and 
the  subsequent  demonstration  of  the  release  of  ATP 
from  isolated,  active  frog  muscle  (3,  9,  10)  led  us  to 
consider the  possibility  that AT!' may be  released also 
from the intact active human muscle. If that were so,  it 
is  conceivable that AT!' might be responsible for  either 
a)  the  pressor response  to sustained contractions,  or b) 
the vasodilatation that occurs during and after exercise. 
Since the changes of the blood pressure and heart rate 
are in the  opposite  direction  (and with quite  different 
time  courses  before  reaching  control  values)  after  a 
sustained  contraction,  it  is  probable  that  these  two 
hypotheses are mutually exclusive. 
METHODS 
Four normal, healthy men volunteered to act as sub-
jects. They performed contractions on an accurate hand-
gl'ip strain-gauge dynamometer (4).  At the start of each 
experiment each subject made two brief maximal volun-
tary contractions (MVC), the higher of which was taken 
as the MVC. The later test contractions were set at 10 % 
and 20 % MVC, each held for 4  min. The subjects were 
recumbent throughout each experiment which involved 
two  periods  of  18  min  each,  with  a  lO-lllin  interval 
between  them.  Each  period  was  identical,  except  for 
the  tension  exerted  during  contractions.  Two  minutes 
were allowed for control values to be obtained, followed 
by  4  min  of contraction  and  a  recovery  period  of  12 
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min.  Blood samples were obtained from  an  indwelling 
vcnous  Teflon  catheter  introduced  into  a  vein  in  the 
antecubital fossa  and passed about 5 em retrogradely to 
lie  in  a  vessel  draining  the  deep  venous  plexus  in  the 
muscles; samples of blood, each of 5  ml, were obtained 
once  before  each  contraction,  three  times  during  the 
contraction (IS sec,  2  and 3  min after onset), and four 
times during the recovery starting  10  sec,  2,  7,  and  12 
min after  the  contraction ended.  Blood  pressures were 
measured every m.inute  (and every half-minute  during 
contractions) by auscultation on the other arm. Forearm 
blood flows  were measured in a  second session to avoid 
applying pneumatic cuffs to the test forearm with pos-
sible  resulting  hematological  trauma.  In  this  second 
session,  the  laboratory  conditions  were  identical  to 
those in the session when blood samples were collected; 
it has been shown that in these circumstances the blood 
flows  during and after sustained contraction at known 
proportions of the MVC are accurately repeatable (16). 
The  Whitney  mercury-in-rubber  strain-gauge  plethys-
mograph (23)  was used to measure forearm blood flows 
beforc,  during,  for  2  min  immediately  after  exercise, 
and for  2  min at the  times when venous samples were 
collected later in the recovery period.  Heart rates were 
counted from a  continuously recording ECG. 
The concentration of ATP in  the plasma was  meas-
ured  by  a  modification  of  the  Strehler  and  i\IcElroy 
(22)  firefly  luminescence  technique;  the  procedure  has 
been described  in detail  e1sewhel"C  (3,  10).  Briefly,  the 
test  s()I~ltion is  introduced to a  glass cuvette, containing 
reconstituted  fir'dly  lantern  extract,  in  a  light-tight 
instrument. If ATP is  present, the resultant flash of light 
is detected by a photomultiplier tube, the output voltage 
of which is  measured. It has been shown that the inten-
sity of the light produced from firefly  lantern extract is 
proportional  to  the concentration of ATP applied  to it 
(3,  10). 
The blood samples were dripped directly into centri-
fuge tubes containing ethylenediaminetetraaeetie acid to 
prevent clotting and to protect the cells.  On one or two 
occasions  the  blood  was  collected  into  nonwettable 
syringes  before  transference  to  the  centrifuge  tubes. 
After cenh'ifuging gently at  1,500  rpm for  20  min,  the 
plasma was diluted by 1: 10 with saline to minimize allY 
opacity clue  to  protein content; 0.25  ml  of this diluted 
plasma  was  applied  to  0.25  ml  of firefly  extract  in  a 
glass  cuvette,  the  light  detected  by  a  photo1lluitiplilT 
tube,  and  the  voltage change was  recorded  on  a  San-
born ECG pen recorder. The three procedures to iden-
tify slIlall  quantities of ATP which  have bn'n described 
ill  dctilil dSl"whcn'  (3,  10)  WITt"  also  IISc'cl  ill  tllis  ill\· ..  sti~ 
galion.  a)  Selected  test  solutions  of 2  llil  pliisilia  wert· 
incubated with  I  mg potato apyrase for  15  lIlin at 30 C; 
this  enzyme  selectively  inactivates  ADP  and  AT?  so 
that  bcfore·and-after  samples  can  be  tested  with  the 
firefly-luminescence technique to determine the existence 
of these nucleotidcs in  the  test solution.  b)  A  sample  of 
plasma  was  compared  with  a  known  solution  of ATP 
using  a  Sephadex  column  to  assess  the  wavelength  of 
the eluted samples.  c)  Some  test solutions were applied 
to the perfused frog heart preparation (2) and were com-
pared directly with ATP solutions;  the behavior of the 
frog heart preparation to solutions of ATP is  character-
istic and identifiable. These procedures wrify  the iden-
tity of the test material. 
RESVLTS 
The  average  concentration  of  ATP  in  the  resting 
venous  blood  of four  subjects,  before  the  contraction, 
was  0.50  Itg/ml  (0.24-1.6  Itg/ml).  During  each  con-
traction  at  10 %  and  20 %  l\1VC  that  concentration 
rose. A further rise to a  peak value was seen immediately 
following  the contraction. Thereafter the concentration 
fell  slowly  toward  restiI~ levels in  the recovery period. 
Although  there  was considerable variation  in  the  con-
centration of ATP in  the  plasma  of the  different sub-
jects, the pattern of response was similar for each. The 
following results give some impression of the variability 
of individual values; at 10 %  MVC, the highest average 
value  during  the  contraction  was  0.9  Itg/ml  (0.4-2.0 
Itg/m!)  while  after  the  contraction,  it  was  2.8  Itg/ml 
(0.7-5.9  ltg/mI).  At  20 %  MVC,  the  corresponding 
values were  1.3  Itg/ml  (1.2-2.4  Itg/ml)  and  1.5  Itg/ml 
(0.5-3.1 Itg/ml). 
Since the  blood  flow  also  increases during and after 
the contractions, the concentration of ATP in  the venous 
effluent does not give a  clear idea of the total output of 
ATP f!"Olll  the active  Illuscles.  Accordingly,  the  output 
of ATP was calculated as the product of the  concentra-
tion and the flow and is shown before  durinrr  and after 
each contraction in Fig.  I, along with'the bh~c1 pressure 
and forearm  blood  flow.  The  bottom  section  of  the 
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FIG.  J.  The  average  forearm  blood  flows,  ,\TP  output,  and 
nwall  blood  pressure before, during and after sustained handgrip 
contractions held for 4  min at 10% MVC and 20";' MVC. Note 
that  while  all  three  measurements  increase  during  the  ex~rcise, 
when the tension  is  released the blood pressure falls  at once and 
quickly returns to control levels, whereas the forearm blood flow 
and  ATP  output  increase  immediately  and  then  return  slowly 
toward control values. 41 
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figure  shows  the  average  blood  fluws  for  all  four  sub-
jects at 10 S  MVC and for three of them at 20 % MVC; 
blood samples were unobtainable in adequate quantities 
for  the  fourth  subject at 20 C;;  MVe, probably  due  to 
venospasm around the catheter, and his results were dis-
carded.  The  top  section  of the  figure  shows  the  mean 
blood  pressure  (taken  to  be  the  diastolic  pressure  plus 
one-third pulse pressure) averaged for  the subjects. The 
ayerage ATP output in the venous effluent is  shown in 
the middle section of Fig.  I  to enable easy comparison to 
be made with the blood pressure and the forearm blood 
flow.  Although  there  was s01l1e  individual  variation in 
the  absolute changes  of all  those  findings,  the  pattern 
for (,<ldl subject was sirllilar to the average va lues showll. 
The patterns of tilt'  fon:arlll  blood Rowand the  ATP 
output were similar,  increasing c\urillg  the contractioll, 
showing a  further rise  to peak values immediately after 
the  con  traction and subsiding  to control values slowly. 
By  contrast,  the  mean  blood  pressure,  which  also  in-
creased  during  the  contraction,  fell  sharply  when  the 
tension was released and approximated to control values 
within  a  minute  of the  end  of the  contraction.  Heart 
rates, which for the sake of clarity are not shown in Fig. 
1,  behaved  in  the  same fashion  as  the  blood  pressure. 
The average resting value was 74 beats/min. At the end 
of contractions at 10 % and 20 % IvIVe, the values were 
81  beats/min and  92  beats/min,  respectively;  in  both 
cases they returned to control values within a  minute of 
the release of the tension. 
DISCUSSION 
The  results  of  this  study  ha\·e  shown  that  ATP  is 
found  in  the  venous effluent of resting  human forearm 
muscles.  Increases  in  both  the  concentration  and 
amounts of ATP are found  during and after sllstained, 
static  exercise.  The increased output of ATP found  in 
the  venous  effluent  during  the  contraction  mimics  the 
responses  of the  blood  pressure,  heart  rate,  and  local 
blood flow.  But after the muscular tension was released, 
the blood  pressure and  the heart rate  fell  immediately 
and reached control values approximately  I  min later, 
while  the ATP output increased to a  peak value before 
falling  slowly  to control values over a  period of se\eral 
minutes. The pattern and the time course of the changes 
ill  ATP output after  the contraction mimicked only the 
changes in forcann  blood  flow.  It seems  reasonahle  to 
postulate that the changes in ATP output play no part 
in  the  pressor  response  to  sustained  contractions.  It  is 
hard to see how increases in the ATP OlltpUt,  both dur-
ing  and  after  the  static  effort,  could  result  in  an  in-
creased  blood  pressure  only  during  the  contraction. 
REFERE],;CES 
1.  IhRCROFT. H  In· H(wdhonk of l'hysiulo~~y. Circull/tioll.  \\"ashing-
ton, D.C~: Am. Physiol. Soc., 19b3, sect.  2, chapt. 40, p.  1353. 
2.  BO\·D,  I. .\., AND  \V. R.  EADIE~ J.  Brit.  Inst.  Radio  Engr.  2'2: 
433, 1%1. 
3.  BOYD,  1.  A.,  AND T. FORRESTER  J.  Physiol.,  London. In prcss. 
Since the patterns of response of the forearm hlood flow 
and  the ATP output were similaI-,  it is  equally reason-
able  to  postulate  that  the  ATP  is  responsible  for  the 
hyperemia  of  exercise.  I t  is  possible  that  other  vaso-
dilator  mechanisms  are  available  during  and  after 
muscular  activity,  such  as  an  increased  potassiuIll 
efflux in the pI-esence of a  reduced O 2  tension  (21),  but 
the  increased  output  of ATP,  known  to  be  a  potent 
vasodilator,  is  sufftcient by itself to account for  exercise 
hyperemia. 
''''-hen  Duff,  PattersClIl,  and  Shepherd  (7)  infused 
ATP into the human brachial artery, the forearm blood 
flow  increased.  Increments in  blood flow  of these  sub-
jects of about I ml, 2 ml, f) ml, 11.5 ml, and 19.5 ml/IOO 
III  I  tissue  per min were ohtained whcn  the  aIllounts of 
ATP infused (altered frolll  the original data to  n·present 
amounts  of  infllsate/lOO  1111  tissue  per  llIin)  were  ap-
proximately  0.1  Ilg,  0.5  Ilg,  1.5  Ilg,  6.5 Ilg,  and  25.5 
Ilg/100 ml tissue per min. By comparison, the assessment 
of all  the results from our study yields ATP outputs of 
about 0.5  Ilg,  2.5  Ilg,  7  Ilg,  17  Ilg,  and 30  Ilg/100  ml 
tissue  per  min  for  similar  increments  of  blood  flow. 
These two sets of data arc remarkably close, particularly 
since the conditions of the two investigations were quite 
different.  In one case  the arm was resting while in  the 
other the muscles were actiYe.  In  one case the ATP was 
being infused while in the other it was being measured 
in  the venous effluent of the muscles.  In both series of 
tests  the  changing  amounts of ATP locally  in dilating 
vessels cannot be assessed accuratcly--problems of mix-
ing may well  be responsihle for  SOIIle  of the  differences 
seeIl.  Certainly,  there  are  quite  sutlicieIlt  amounts  of 
ATP available in the  acti\"<.:  forearm  to  account for  the 
hyperemia of exercise. 
During  the  sustained  contractions,  the  blood  flow 
increases  against  the  mechanical  compression  of  the 
con tracting fibers, presumably due in part to the increase 
of perfusion pressure and in part to  the acti\·e \·asodila-
tation resulting from increased qUilIltilies of ATP in the 
circulation. After the tension is  released,  the mechanical 
compression  of  the  blood  \csscls  by  the  active  muscle 
fibers  is  also  released  and  at  that  lime  the  perfusion 
pressure falls.  \Vhile  it  is  not possible  to determine  the 
net effect of these  two  cOlIIlttTaC"liIl~  effects,  it  is  clear 
that  furthn  active  .... asoc!ila w lion  can  take  place  as  a 
result  of tht?  fllnher  i IInease  of .-\ T P  olltpu t  after  the 
exercise ends. 
The  authors  e"pre,;,;  their  app  .. eci"tion  to  Professor  Henry 
Barcroft for  his continued inter"'t in thi, study. \'·c also acknowl-
edge the  cxcellent technical sen  ices of  ~!rs  ..  \. Duhon,  ~1iss M. 
Greer and  :\!t-ss,,~  G. SchulllI',·rt ;:\Ild  \1. Souder. 
4.  CLARKE,  R.  S . .T.,  R. F. Ih:Ll.""  ,\"lJ ,\. R. 1.1"0. J. Physio/., 
L()rtdon  1  .. k).4.-';·,  l')-d1. 
5.  Do"~.u.o,  K~ \\".,  .\~  R.  L'''I>.  c. \\  ..  :\!c:-;ICOI~,  1'.  \,  ..  HUM-
PIIRLYS, s.  H. TAYLOR .\,,0 11.1'. SI.\t'"ro" ..  till.  lIra,/ Assoc. 
.\lonogr.  no.  15: (-1;,.  1'lIi7. 42 
"lay-June 1969  SYMPOSIUM  O~ ALTITUDE .-\.N'D  COLD  ]2 .3 
6.  DRURY,  A.  N., A!'iD A. SZENT-GYORGYI.  J. Pllysiol.,  London  68: 
213,1929. 
7.  DUFF,  F., G. C. PATTERSON  AND J. T. SnEPm:RD.  J. Physi"l  .• 
London  125: 581.195·1-. 
8.  FOLlww,  B. Acta P"piol. $cand.  17: 311,  19·19. 
9.  FORI\F.STER, T. J. P"ysiol.,  London  186: 107P,  1966. 
10.  FORRESTER,  T. Ph.D. Thesis, Glasgow  Univ.,  1967. 
II.  GASKELL,  N. H. J. Anat.  11: 360, 1877. 
12.  HILTO:-l,S. M. J. Ph)·siol., London  120: 230,  1953. 
13.  HILTON.  S. M. Physiol.  Rev.  Supp!. 5: 265,  1962. 
14.  HOL)lSEN.  H., I.  HOUISEN  AND  A.  BERNII"RDSOr-i.  Anal.  Bio-
~hem. 17: 456,1966. 
15.  HUMPHREYS,  P. 'V., AND  A. R. LIND.  J. Physiol.,  London  166: 
120. 1963. 
Discussion 
DR.  LAl-firu:  The ATP concentration  in  the  venous  blood 
appears at a  time when lactate should  also be  in  high con-
centration.  Is it possible that some ATP is  not available for 
metabolic purposes in this condition, and how do you exclude 
the possibility that red cells are not giving up ATP to the venous 
blood? 
DR.  LlXD: 'Ve have measured the lactate emu.  ....  at the levels 
of 10% and 20% of ma  ... imal voluntary contraction  (MVC) 
and the patterns of the lactate and ATP responses are differ-
ent.  During  and  after  10%  MVC,  the  changes  in  lactate 
effilL'\( are pl'actically nil. Even with 20% MVC held for 5 min 
the  changes  dudng  contraction  are  very  small  and  those 
afterward only moderate and shon-Iived. 
As to shedding of ATP from formed elements of the venous 
blood.  we  have  no  direct  evidcnce,  but  would  guess  that 
. rather than red cells,  platelets might be involved. 
DR.  FORRESTER:  lVe  have  mixed ATP quantitativelr with 
red  cells  in  vitro with  results  indicating  the  red  cells  to  be 
fairly stable as far as release of ATP is concerned. 
DR.  LA:>iDOWNE: You indicate that there is numerically less 
ATP in al·terial blood dUI'ing the control period than in venous 
blood. If this is  a  real difference  (i.e.,  if the A TP assays  are 
16.  LIND,  A.  R.,  AND  G.  'V.  McNICOL.  J.  Physiol.,  London  I' Z: 
575, 1967. 
17.  LI:-lD,  A.  R.,  AND  G. 'V.  MC;:\'ICOL.  Can.  }.Itd.  Assoc.  J. 9 
706,  1967. 
18.  1.11.;0,  A.  R., S. H. TAYLOR,  P. '\'. HUMPHREYS,  B.  }'1.  KE  -
NELLY  AND  K. 'V.  DONALD.  Clin.  Sci.  27: 229,  1964. 
19.  OLSO:ll,  R.  W.  III:  Handbook  of Physiology.  Circulation.  Was; . 
ington, D.C.: Am.  Physiol.  Soc.,  1963,  sect.  2. chapt. 10, r 
199. 
20.  RIGLER,  R. Arch.  Exptl. Pathol.  Plzarmakol.  167; 54,  1932. 
21.  SKIr-ir-iER,  N. S., AND  'V. J. POWELL.  Am. Heart  Assoc.  J\fo'UJg: 
no.  15: I-59, 1967. 
22.  STREIlLER,  B.  L., AND  \V.  D. McELROY.  Aftthods in  En<,ymoi 
ogy. New York: Academic, 1957, vol.  3, p.  671. 
23.  WHITNEY,  R. J. J. Pilysiol., London  121: I, 1953. 
sufficiently  precise  to enable such reliable  estimates of A-V 
differences), it would imply that there is a release of  ATP during 
the control period  as well  as during contraction.  1foreover, 
the magnitude of the A-V difference in concentration during 
the control period is as great as in any other pair of samples. 
Therefore, I  submit that .the calculated difference in amount 
depends on the difference in flow.  That is  to say that, arith-
metically, the flow determines these differences. 
DR.  L1ND: 'VeIl, it depends on whether the flow determines 
it or it determines the flow and we submit that the ATP is 
determining the flow. 
DR.  REEVES:  Have  you  calculated  how  much  hem9lysis 
would  account  for  your  background  noise  (i.e.,  the  ATP 
concentration in arterial plasma), just from  the known ATP 
concentration in the erythrocytes? 
DR.  FORRESTER: This is  a  most pertinent point and ill  fact 
hemolysis, destruction of blood platelets. the fact that the blood 
is  obtained from an arterial cannula with a  lot of turbulence 
of the whole blood is  all working against tl,ere being a  small 
amount  of AT!'  in  arterial  sample.,.  These  small  amounlS 
may well  be  due to excessive  turbulence during colIection of 
the blood. Commentary  - paper 5. 
Once  again  a  valid criticism of this work  was  associated 
with  cellular damage.  The  cells in question were  the  formed 
elements  of the blood,  particularly the  blood platelets, 
which  contain millimolar concentrations  of ATP.  It was 
concluded  from  this paper that  some  of the  ATP  detected 
was  indeed  coming  from  damaged  platelets,  but  the  remainder 
was  added  to  the blood  on  its passage  through  the  active 
forearm musculature. 
43 J. Ph!Jsiol.  (l9B!)). 204, PT'.  347-364 
With S text·fiYllre8 
Printed in Great Britain 
IDENTIFICATION  OF 
44 
347 
ADENOSINE  TRIPHOSPHATE  IN  HUMAN  PLASMA  AND  THE 
CONCENTRATION  IN  THE  VENOUS  EFFLUENT  OF 
FOREARM  MUSCLES  BEFORE,  DURING AND 
AFTER SUSTAINED  CONTRACTIONS 
By 1'. FORRESTER AND A. R. LIND 
Prom the  Institute of Physiology, University of Gla8gow, 
and Indicnia University Cardiop1tlrnonary Laboratory, 6570 
Aerospc/,Ce  JJiedical ReseCt1"ch Laboratories, Environmental 
JJiediwl Di'vision,  Wright-Patterson Air Force Base, Ohio, 
45433, U.S.A. 
(Received 27 January 1969) 
SUMMARY 
1.  \Vhen diluted human plasma is  perfused through a  frog  heart,  a 
marked augmentation of the heartbeat is produced which is very similar 
in action to that of low concentrations of  adenosine triphosphate (ATP) on 
the heart. 
2.  It was estahlished that the substance in the plasma responsible for the 
heart stimulation \vas ATP. The following testR were used: (Ct)  the diluted 
plasma emittecllight from firefly lantern extract characteristic of the light 
signal produced by a solution of  A':rp; (b) the stimulatory effect on the frog 
heart and luminescent effect upon the firefly extract were abolished by 
incubation of the plasma solution with the enzyme apyrase, which con-
verts ATP to adenosine monophosphate (AMP); AMP does not stimulate 
the heart or cause light to be emitted from firefly extract; (c)  the stimu-
latory substance in the plasma was eluted through a  column of Sephadex 
G-25 in the same pattern as AT P; and (d)  simultaneous assay of plasma 
solutions on frog heart and firefly extract produced the same qnantitative 
result as that produced by a  solutioll of ATP. 
3.  The amount of ATP in plasma from the venous blood of resting sub-
jects ranged from 0·19 to 0·95 Itg/ml. (mean 0·63 Itg/mI., S.D. ± 0·25); up to 
half of the ATP detected could be attributed to blood platelet damage. 
Simultaneous arterial and venous samples of blood from four subjects at 
rcst had mean cOIH:ellLrations  of O'HI Itg/ml.  (U'U7-U':::!o Itg/m!.) and 0·70 
pg/mL (0'57-0'84 fig/mI.) respectively. 348  T. FORRESTER AND A. R. LIND 
4.  The concentration of Al'P in the venous effluent from exercising fore-
arm muscles was  measured.  The  venous  concentration consistently in-
creased over the resting values in response to exercise while in one subject 
little  change  occurred  in  the  arterial  blood  concentration  during  the 
exerciHe. It was concluded that the ATP was added to the blood in its 
passage through the muscle bed. 
5.  The origin of the ATP, including erythrocytes, blood platelets and 
active skeletal muscle, is discussed. 
INTRODUCTIO:N 
In order to demonstrate the release of ATP from active frog  skeletal 
muscle  in  vitro,  techniques  were  developed  ,vhich  could  identify  and 
measure ATP in as Iowa concentration as  10-9 g/m!.  (Forrester,  1966, 
1967; Boyd & Forrester, 1968). In view of  the proposal that ATP'might be 
liberated into the blood stream from active skeletal muscle in vivo  (For-
rester,  1967),  these very sensitive techniques were applied to peripheral 
human blood, despite the fact that  human plasma contains enzymes capable 
of destroying ATP within a short period of time (Jorgensen, 1956; Ireland 
& Mills,  1964; Holmsen, Stormorken &  Goote, 1965). 
The first part of this paper describes the identification and assay of ATP 
in fresh human plasma obtained from the antecubital vein; the second part 
deals with the investigation of ATP in venous blood draining the forearm 
muscles before, during and after sustained forearm exercise. A preliminary 
communication of this work has been given to the Physiological Society 
(Forrester, 19(j9). 
METHODS 
Samples of venous blood were obtained from the antecubital vein using only a 
brief period of manual constriction around the upper arm in order to effect enough 
distension of the vein for  a  'clean' venepuncture. In four subjects samples were 
obtained from a  plastic cannula inserted retrogradely into one of the deep veins of 
the forearm; no occlusion of the upper arm ,vas thus necessary to obtain samples 
from these subjects. In eVflry case the subject was instructed to keep the forearm 
musculature as relaxed as possible just before and during the sampling. Venous blood 
was slowly drawn off into a plastic'  non-wettable' syringe and 4 mI. then transferred 
to a  plastic tube containing 0·3 % ethylenediamine-tetra-acetic acid (EDTA) and 
immediately put on ice  for  5-10 min.  After centrifugation at 1500 rev/min for 25 
min at 4° C, the supernatant plasma was then diluted with either 0·9 % pyrogen-free 
saline solution (w/v) or Locke solution of composition 154 rUllI-NaCl,  5·6 mi'I-KCI, 
2·2 m:)l-CaCI2  nnn 6·0 In;\I-NaHCO"" 
The methods of identification have been proviously described by Boyd & Forrester 
(1968).  The  frog-heart  perfusion  systpm  (Boyd  &  Eadie,  1961),  rnolecnlal'  sieve 
chromatography  (Boyrl  &  Forrester,  1966)  and apyrase  tests  were  used without 
modification. In the firefly technique (see StrehleI' & McElroy, 1957) the same photo-
multiplier tube (14-stage E.M.I. 6262 with a  conventional S 11  photocathode) was 46 
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used as before, since the 'dark current' was virtually zero, permitting a large signal-
to-noise rat,io at high vo1t.ages. 
Continuous perfusion of the frog heart with Locke solution was possible without 
alteration of performance (Forrester,  19G7). The samples diluted with saline were 
assayed  on  firefly  extract  only.  Solutions of ATP  (disoclium  dihydrogen  salt  of 
adenosine-5'-triphosphoric  acid,  British  Drug  Houses)  were  made  up  in  either 
pyrogon-free saline solution for assay on firefly extract or Locke solution for assay 
on frog heart. 
Gla.ssware was 8iliconized using' Repelcote' (Hopkin and 'Villiams, Ltd). 
C  5x10-a ATP 
C  7·5x10-a ATP 
Fig. I.  Comparison of  the action on a perfused frog heart of  solutions of  AT  P 
and a  diluted solution of fresh human plasma. Heart continuously per-
fused with Loeke solution. C, control injection of Locke solution; vertical 
interrupted line,  period of 25 min;  t, fall  in  perfusion  pressure  during 
flllshing of residual plasma solution from venous pressure capsule. Note 
the great similarity of action of both plasma and ATP solutions (g/ml.) on 
the blood pressure. There is little effect, OIl the heart rate. 
R~;SULTS 
l~ilot  experiments  showed  that  when  suitably  diluted  fresh  human 
plasma was perfused thl'ou,.:;h  11  frog heart <1  pronounced stimulatory effect 
was produced.  Figure  I  shows a  comparison of the action of a  diluted 
plasma solution and solutions of ATP on a frog heart. The effect of a 1: 20 
plasma solution has heen 'bracketed' between the effects of ATP, 5 x 10-8 
and 7·5 x 10-
8 gjml. There is  clearly a great similarity of action between 
the test solution and the two solutions of A'fP on the blood pressure. There 
is in all three cases an immediate positive inotropic effect on the myo-
cardium, with little effect on the heart rate. Plasma from eight subjects 
was fonnd to havo the same qualitative action as ATP on the frog heart. 
Sinee it is possible to discriminate the action of ATP from the actions of 
other nucleotide triphosphutes on the frog heart (Boyd & Forrester, 1968), 
these preliminary results prompted the application of other tests for the 
identification of ATP. 350  ']'. PORRES'l'ICR AND A. R. LIND 
Action of dilute  plctsma  on  firefly  lantern  extract.  Extracts  of firefly 
lanterns (Photinu8  pyralis)  emit a  slowly decaying flash  of light when 
mixed with solutions of A'l'P, the time course of the signal decay being 
proportional to the concentration of A'l'P applied (l\IcElroy,  1947). This 
reaction is reputed to be highly specific for A'l'P (Strehler & McElroy, 1957), 
although it was found in a  preyious investigation that the firefly extract 
5 mV] 
10 sec 
L--.I 
a 
*1 
t  Control  {  t  10-8 ATP  {  t  Diluted plasma  ~  t  2-5x10-8  ATP  {-
5m'2J 
10 sec 
L--J 
b 
_  --___  ·~l_-'[_  .~"  '~, ("  ''"'-L 
t  7,5x10-B  ATP  t  t Diluted plasma  ~  t  5x10-8 ATP  t 
Fig. 2.  Light emission from firefly extract in response to solutions of ATP 
(g/ml.) Upward deflexion indicates a  light signal; t, voltage across photo. 
multiplier  tube switched on; ,j" voltage switched off.  (a)  Control, firefly 
extract+I.ocke solution;  plasma sample,  diluted  1:10 with Lockesolll-
tion, has an offect almost equivalent ',"  that of ATP 2·5 x 10-8 g/m!. (com-
pare Fig. 5, last test).  (0)  A  sample of plasma diluted 1:  5  from another 
subjAct has its effect' brackete<l' between the effects of ATP 5 x 10-8 g/ml. 
and  7'0 x 10-
8 g/ml.  Note  the similar time  course of signal  decay  with 
plasma solutions and matching ATP solutions. 
used (type FLE 50, Sigma Co.) also responds to low concentrations of other 
triphosphates (Boyd & Forrester, 1968). Samples of plasma from twenty-
one subjects caused light to be emitted from firefly extract. In every case 
there was a light signal produced which could be matched in time course 
and intensity with that produced by small amounts of ATP.  Figure  2 
shows the effect of two plasma solutions, diluted 1: 10 (a) and 1: 5 (b)  w-ith 
saline, on extract of firefly. The light signals produced by the plasma solu-
tions matC'h those produced by the solutions of ATP. 
Action  of a  specific  enzyme  on  dilute  plasma.  The  enzyme'  apymse' 48 
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(adenosine-5' -diphosphatase,  purified  crystals,  Sigma Co.)  first  converts 
ATP to ADP and 10 min later convcrti:l ADP to AMP. It has been demon-
strated that the enzyme shows some specificity towards ATP (Krishnan, 
1949), but it has been found in practice that it is not possible to distin-
guish ATP from  ADP  using  apyrase  in  conjunction  with  the  present 
methods (Boyd & Forrester, 1  n(8). Figure 3 shows the effect of perfusing 
a dilute plasma solution, before and after incubation with apyrase, through 
a  frog  heart.  Adenosine  monophosphate  does  not stimulate  the  heart 
(Forrester, 1967). The stimulating effect of the plasma solution has been 
largely abolished after incubation and this is  taken to indicate that the 
apyrase has had a dephosphorylating effect on the substance in the plasma 
whieh stimulates the frog heart. 
Six plasma samples were tested in this way and in each case the positive 
inotropic effect was almost abolished by 10 min incubation with apyras~. 
Column chromatography. In a molecular sieve chromatography procedure 
(Boyd &  Forrester,  1966),  it was established that the substance in the 
plasma which caused light to be emitted from firefly extract was eluted 
through a column of Sephadex G-25 in the same pattern as ATP. Undiluted 
plasma samples from five subjects were each tested in the following way. 
A  2 mi.  plasma snmple was mixed with blue dextran (a high molecular 
weight substance which acts as a  visual indicator) and eluted through a 
column  previously  equilibrated  with  pyrogen-free  saline  solution.  The 
column has the property of separating the protein and other molecules of 
large molecular ·weight from substances of smaller molecular weight. In 
general, the smaller the molecule, the more slowly it is eluted through the 
column. Consecutive fractions of eluate were collected from the column 
and then tested on firefly extract. It was found that the peak value oflight 
emission from these fractions occurred at the same locus as that of ATP. 
:Figure 4 shows the result of one such experiment. In this case a sample of 
plasma was obtained from a subject who was undergoing some mild fore-
arm exercise; 2 ml. of the plasma sample was eluted through the column. 
Fract.ions of eluate were tested on firefly extract and the fraction which 
caused most light to be emitted was incubated with apyrase and then 
tested once again  011  the firefly.  Figure  4(a) shows the pattern of light 
emission produced by the consecutive fractions. The hatched area shows 
the diminished light emission of that fraction after incubation with apyrase. 
Figure 4 (6) shows the result of cluting a solution of  ATP, 10-6 g!mI. through 
the same column 24 hr later. The greatest light signal is  again produced 
by the fourth 2 ml. fraction. 
It was not  df,tel'miued  whether  any  destruction  of ATP took  place 
during its passage through the column, although this seems likely, since it 
was found 011  all five  occasions when a  solution of pure ATP was eluted 49 
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through a column after a sample of plasma had previously passed through 
it, that only a very small amount of ATP could. be detected. Perhaps the 
column retains unknown substances from the plasma which have a dele-
Plasma 
1 :20 
Cardiac output 
(ml./min) 
10  11 
12  2  11 
C 
12 
Plasma 1 :20 
+apyrase 
1. 
5 
·4 
3 
40 
30 
20 
10 
o 
o 
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Fig. 3.  The effect of a diluted plasma >;olntion before and after incllbation 
with apyrase on a  perfused frog heart. Vertical interrupteclline, interval 
of 20 min. The plastnu sample, diluted 1: 20, gives the usual marked posi-
tive inotropie effect; the em'diac output incrcHsed so rapidly at this point 
that the drop-counting mechrmi"m failed. There is little effect on the heart 
rate. Mter incubation with apyrase the same solution has a much diminished 
inotropic effect. The increase in cardiac output has been caused by an in· 
croase in the heart rate. 50 
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krious effect on AT£>.  This phenomenon pre\'ented accurate calculations 
of percentage regain of ATP from the column. 
:From these results-namely that the dilute plasma solution stimulates 
the frog heart in a  manner similar to that of ATP,  causes light to be 
emitt·cd from firefly lantern extract, is eluted through a column ofSephadex 
0-25 in t.he Flame pattern as ATP and has its effect on both frog heart and 
firefly extract markcdly reduced by inellbatiOIl with apyra::;e-it was con-
cluded that the substance in the plasma which stimulated the frog heart 
was ATP. 
> 
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:Fig.  4.  Comparison  of  the  behaviour  of  the  substance  in  the  plasma 
cal/sing light emission ii'om firefly extmct and AT!' in a column ofSephadex 
(;·25.  (a)  Elution pattern from a  plwmll1  sample obtained from an exer. 
cising forearm.  Peak light  emis~ion occurs  in the fourth  2 m!.  fraction. 
Hatched portion reprcspnts the light emitted from that fraction after incu. 
bation with apymse. (b)  Elution pattern obtained after passing a  solutioll 
of ATP,  10-6 gin'].,  throllgh tho sallle colllmn 24 hI' later. Again the peak 
lic:ht ulnission occ'I/?,,.;  ill t.he [ollrth 2 rn!. fraction. 51 
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AS8((,Y of  plnsnw levels of AT  P 
An attempt to estimate the ATP in plasma was made, it having been 
established that small amounts of  ATP could indeed exist in human plasma. 
Anticoagulated plasma samples from a total of thirteen subjects  (9 J, 4 ~) 
were assayed on firefly extract; three of  those were assayed simultaneously 
on frog heart and firefly  extract. The firefly  procedure can distinguish 
between the actions of ATP and ADP but not between low concentrations 
10-9  10-8 
Marker 
2·5 X 10-&  5 X 10-8 
rr-.... '  .---......,..,..-., 
7·5x10-&  10-7  C 1 :10 plasma 
: i  ~  ;;1 f 
i  "t·  ,: ; 
! i j  ; ',;  i 
! i  i  ; ·1·  • 
',; i·"  . 
j  i.~_  ..L 
Fig. 5.  Assay of  a diluted plasma solution on a frog heart. From left to right, 
first six tests show the effects of graded concentrations of ATP in gJml.; 
last test shows that the effect of a  plasma solution diluted I: 10 is almost 
equivalent to that of ATP 2·5 x 10-6 gJro!.  The same plasma solution was 
also assayed on firefly extract, with the same result (Fig. 2a). 
of the  various  triphosphates;  the  frog-heart  assay  cannot  distinguish 
between ATP and ADP but can distinguish between the actions of  different 
triphosphates (Boyd & Forrester, 1968, figs.  5 and 8). 
In each firefly  assay a  dose-response curve of light produced by the 
extract in  response  to  ATP  was  obtained.  The  plasma  samples  were 
measured  for  light  emission  and  an  equivalent  concentration  of ATP 
assessed from the calibration curve (Fig. 6).  In the three cases of simul-
taneous assay on the frog heart and firefly extract a dose-response curve 
of percentage output increase against concentration of ATP was derived 
on each heart and the test sample had its effect on cardiac output equated 
to a concentration of ATP. Figures 2 (a) and 5 show the result of a parallel 
assay of a plasma solution. Figure 2((£) shows the effect of the solution, 
diluted  1: 10,  upon firefly  extract.  The effect  of the solution is  almost 
equivalent to that of a solution of ATP, 2·5 x 10-8 g/ml., giving the same 52 
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time course of signal decay. In Fig. 5 the initial tests on the heart show the 
gradually increasing effects  of graduated concentrations of ATP on the 
cardiac output and blood pressure. 'The last test (on the right of the Figure) 
shows the effect of the same sample of  diluted plasma; once again the effect 
lies between the effects of ATP, 10-8 g/ml. and 2·5 x 10-8 g/ml. The results 
obtained from  the three parallel assays were not significantly different 
> 
E 
62 r 
61J 
15 
10 
5 
+ 
I 
1 a -----------
1 b ----------
OLI------~I~  ____  ~-LL__L~~  __  ~  __  ~~ 
10-
0  2·5x·  5x  7·5x 10-7  2·5x  10-6 
ATP concn. (g/ml.) 
Fig. 6.  Effect  of time  and  'non·wett,able'  glassware  on  ATP  levels  in 
plasma.  Plasma sample from  one subject divided into four  parts,  each 
dilutedl:  5 with 0·9 % saline solution (wjv). Crosses, part of  a dose-response 
relation of the action of ATP on firefly extract. Note interrupted axes in 
order to accommodate large light signal produced by ATP 10-6  glml. la, 
sample  assayed  immediately  after  centrifugation,  using  non-siliconized 
ware; absay result,  1·0 !tg/ml.  I b,  sample I a  assayed 10 min later; assay 
reslllt,  0·85 !,.g/rn!.  2a, sample assayed immediately after (,E'ntrifugation, 
siliconizl'd gla"swl1l"e  used; assay result,  O· GG pg/m  I.  2 b,  l1i;say  of sample 
2n.  10 min Inter; result, 0·3;") pg!ml. Clearly  ill Loth' w(·ttable· and'  non-
wettable' glasswure the samples show a df)c1ine of ATP leveh after 10 mill. 
Silieonization also reduces the levels of ATP detected in human plasma. 
I2 
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from those obtained from the fiff'fly extract alone, and so it was presumed 
that in every case the firefly  extract gave an indication of the amount 
of ATP in the plasma solution and not of ADP or any of the other tri-
phosphates. 
The mean concentration of ATP measured in all samples of  venous blood 
anticoagulated with EDTA was 0·63 flgfml. (S.D.  ±  0·25). The mean result 
for the four females tested was 0·64 flgfml.  (range 0·19-0·95 pgfml.). 
The effect of clotting on AT  P  levels in plasma. At an early stage in this 
work the blood samples were allowed to clot during the centrifugation 
period and the serum, gently expressed from the supernatant 'white' clot, 
TABLE  1.  Concentrations of ATP (Ilgjml.)  in sa.mples of serwn and plasma from 
four subjects. Last colwnn shows the concentration of a  5 ml.  solution of ATP, 
0·5Ilgjml., after applying it to specimens of whole clot from each subject for a period 
of 1 min 
ATP, 
0·5 Ilg/ml., +  clot 
Subject  Serum  Plasma  after 1 min 
1  <  0·10*  0·23  0·34 
2  <  0·10*  0·22  0·34 
3  <  0·10*  0·15  0·35 
4  0·10  0·50 
* Samples of serum assessed on the lower part of calibration curve (see Fig. 6). 
was then estimated for ATP. The time interval required to obtain serum 
samples was no different from that taken to obtain samples of plasma. 
From these early results there was an indication that the concentration of 
ATP in serum was lower than that in plasma, and so experiments were 
carried out to test whether the formation of a clot had any effect upon the 
levels of ATP in the plasmn.. 
Blood samples were obtained by simple venepuncture from four sub-
jects; each sample was divided into three parts. The first was allowed to 
clot during centrifugation, the second was routinely anticoagulated and 
the third portion was left to clot without centrifugation. The third samples 
had any residual supernn.tant blood decanted after a  period of 20 min, 
leaving a clot behind in the tube. To this clot was added 5 ml. ATP, 0·5 pgf 
ml.; this mixture was left to stand for  1 min, after which time the ATP 
solution was decanted and assayed on firefly extract. The paired samples 
of serum and plasma 'were  assayed on firefly  extract immediately after 
centrifugation. Table 1 shows the results obtained for the concentrations 
of ATP in serum amI pJu::;ma  and the effect of applying a  clot to ATP, 
0·5 flgfml.,  for  1 min. From these figures it is clear that, with the same 
samples and over the same period of time, the levels of ATP are markedly 54 
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reduced if the clottiug process is allowed to take place. The application of 
an established clot to a known amount of A'l'P also diminishes its concen-
tration within the space of I  min. In three out of the foul' subjects the 
concentration was reduced, while in the fourth subject there was no change 
in the concentration. These experiments thus excluded the possibility that 
the clotting process  might add to the amount of ATP detected in the 
plasma. 
'],he  effect  of siliconized  glassware  on AT  P  levels  in pla.smrt. It is  well 
known that for the collection and preservation of blood platelets the use 
of 'non-wettable'  glassware  is  essenti~tl.  Since  blood  platelets  contain 
high concentrations of ATP (Born, 1958) it became essential to determine 
the effects on the plasma levels of ATP using glasswaxe rendered non-
wettable by siliconization. Samples of blood obtained from three subjects 
were divided into two portions,  one group being handled in siliconized 
glassware,  the other being  centrifuged in non-siliconized tubes.  In one 
subject the sample of blood was split into four portions, two for siliconizecl 
glassware and two for' wettable' glassware. Figure 6 illustrates the result 
of an assay of these samples from the last subject on firefly extract. 'When 
the light emission was assessed on a  dose-response curve, those samples 
handled in 'wettable' glassware (Fig. 6,  1 a,  1 b) had clearly a higher level 
of ATP than  those  which were  contained in  'non-wettable' glass\vare 
(Fig. 6, 2a, 2b). In the case of the samples which were assayed immediately 
after centrifugation, sample 1 a had a  concentration of AT  P, 1·0 fig/mI., 
whereas 2a had an ATP concentration of 0·65 Jlg/ml. Estimations 1 band 
26 are the ATP concentrations of these samples measured 10 min later. 
It  is to be noted that these assays were performed on the steepest part of 
the  calibration  curve,  there being morc than twice thc  light produced 
from sample 1 a than from 2a. 
The mean concentration of ATP in the samples where non-siliconized 
glassware was used was 0·64 jlg!ml. (range 0·5-1·0 fig/mI.), virtually the 
same  as  the over-all  assay  figure;  the  mean  concentration  of ATP  ill 
samples contained in siliconized glassware was 0'41/(g/mt  (range 0·24-
0'00 ltg/mI.). Thus it. seems that up to one-half of the ATP detected in the 
main series of assay results (mean 0·63 pg!rnl.) is probably contributed by 
platelet damage when centrifuging was performed in tubes which had not 
been siliconized. 
Rnte oj decline of ATP levels in plasma at room tempemture. It  was found 
that when a  dilute solution of plasma ,vas left. at room temperature (18-
22° C)  for  1 hI'  after  centrifugation,  no ATP could  be  detected by the 
present methods. Obviously continuous ATPase activity could proceed in 
the plasma at room temperature. 
An  assay  of two  solutions  of diluted plasma immediately follo,\ing 
12-2 55 
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centrifugation (la, 2(6) and then 10 min afterwards (lb, 2b) is illnstratedin 
:Fig.  6. After 10 min the ATP level in sample 1 declined from 1·0 to 0·85 
JIg/mI., while the level in sample 2 declined from  0·65 to 0·35/Ig/mI. In 
another sample from the same subject there was a  fall from 0·42 to 0·25 
pg/ml., using siliconized glassware. An average fall in ATP concentration 
of 34 % in the  10 min period  30-40 min after withdrawal of the blood 
from the vein would suggest that ATP can decay rapidly in diluted plasma, 
even at room temperature. 
Release of ATP into the  venous eifiuent of  forectrm  muscle.s 
during and after sustained contractions 
An assessment of the concentration of ATP in the venous effluent from 
forearms  'tvas  made before,  during and  after voluntary sustained con-
tractions of the forearm muscles  . 
.  ll1ethods. The combination of three techniques was used for t.his study: (1) strain-
gauge plethysmography  (\\11itney,  1953),  (2)  the firefly  luminescence procedrn'e, 
and (3) a method of accurately controlling static muscular contractions which allows 
measurement of blood. flow during, as well It:; bpfore alla after, the muscular activity 
(Clarke, Rcllon &.  Lind, 1958). 
Five young, healthy men vohmteered to a.ct as subjects. The sustained contrac-
tions were performed on a  simple hand-grip dynamometer (Clarke et  al.  1958) on 
which the anatomical 'learning' responscs were minimal. Tho maximal voluntary 
contraction (MVC) was determined for each subject; this waR established on the day 
before the experiment to prevent the possihility that some residual influence of the 
l\IVC would. porsist and affect the venous concentration of ATP. Tho test contrac· 
tions were chosen to be  10 ana  20 % of the lV1VC.  The former  provided a  nOIl-
fatiguing contraction while the latter represented a tension which resulted in muscular 
fatigue. 
The subjects lay on a bod., recumbent, throughout eaeh experiment. At the outset 
a  Teflon catheter was introduced. iuto a  voin in the antocubital fossa of the test 
forearm; the tip of the catheter was passed retrogres'lively to lie in a vessel draining 
the deep venolls plexus in the muscle. Samples of venous blood were taken from the 
cathetf'r mainly by allowing the blood to flow directly into centrifuge tubes con-
taining EDT  A. About 5 m!. blood was drawn for each sample. In a  small number of 
cases, when the flow t.hrough the eatheter was very low, samples were withdrawn into 
a  syringe  (non-wettable) and transferred at once  to the centrifuge tubes.  'Vhefl 
samples were not being collected, the Teflon catheter was continually infused wit!-
pyrogen.free saline at a rate not exceeding 1 ml./min. 
Forearm blood flows were measured by the '\t11itney  (1953)  mercury-in-rubber 
strain.gaugc plethysmograph. To avoid any possibility ofhaematological trauma du , 
to the  inflation  of plethysmographic  cuffs,  the  blood  flows  were  obtainE'd  on  -t 
separate  occa~ion, under identical conditions.  Changes in  forem'm  blood  flow i, 
response to specific  sustained contractions have beon shown to be repeatahle f(  -. 
individual subjects (Lind &  l\Ic~icol, 1967). 
Brachial ar-tl'rial and venous bloo(l samples were obtained from four suhjects ·.t 
rest and the ATP concentrat.ions of these samples were measnrE'd. 
Each subject made the tost contractions of 10 and 20 % 1\IVC \\ith his preferr .d 
hand; fOllr of tho five subjects were right.handed.. The procedure was based on a  !O 56 
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min cycle as follows: 2 min of  resting control values, 4 min of the test contraction and 
14 min of post-exercise examination. Venous blood samples were withdrawn once or 
twice during rest, three times during the contraction and four times during the post-
exercise period. The samples were put on ice and centrifuged together at the end of 
each 20 min test. The first contraction for each subject was 10 % MVC; the subjects 
then underwent the same procedure at a  tension of 20 % l\1VC.  On one subject who 
performed only the 10 % MVC,  blood samples were taken simultaneously from a 
Cournand needle introduced into the brachial artery of the arm to be exercised; 
after each sample the needle was flushed with a  few ml. saline to keep the needle 
patent. 
On two occasions solutions were diluted and frozen for a  later parallel assay on 
firefly extract and on frog heart. The same quantitative result was produced, indi-
cating that the firefly technique was measuring ATP and not ADP or any of the other 
nncleot,ides (Boyd & Forrester, 1968, figs.  5, 8d). 
The concentration of ATP in each sample for each subject is shown in 
Fig.  7.  Successive  samples  from  resting forearms  of the same  subject~ 
showed a remarkable consistency in the concentration of  ATP. The samples 
taken during and after both contractions showed higher ATP concentra-
tions than the resting valueR. In three out of  the four subjects there was all 
increase in concentration throughout the 10 %  l\IVO. At 20 %  l\IVC, where, 
for technical reasons, results were available on only three out of four sub-
jects, the last samples taken during exercise all had a lower concentration 
than the previous exercise sample. 
A noteworthy feature of  these results is the consistently different pattern 
of ATP concentration in the  10 % l\IVC  compared to that of the 20 % 
1\lYC  during the post-exercise period. Aft.er the 10 % MVC  there was a 
marked peak of ATP concentration 2 min after tension was released; this 
waR not. the case at 20 %  1\1\'0, where the act.ual concentrations we:-e lower, 
in general,  than they were  after the  10 % MYC.  There was no obvious 
relationship between the venous concentration of ATP and the amount of 
blood flow.  The forearm blood flow reaches a steady state at 10 % MVC, 
which is a  contraction that  ~loes not result in fatigue, followed by a small 
post-exerciGe hyperaemia which was completed some 4 min after the con-
traction  ended.  At.  20 % MVC,  a  tension  which  eventually  results  in 
fatigne, there was a continual rise of blood flow through the contraction 
to values higher than those obtained during the  lower tension, followed by a 
clear post-exercise hyperaemia which persisted for 8 min or more. These 
findings are similar to those described before (Lind & McNicol,  1967). 
It was clear that the concentration of ATP in the venous effluent was 
increased in association with sustained forearm exercise,  but the actual 
amounts  involved  were  difficult  to  assess.  If ATP  entered  the  blood 
stream at the site of the muscle bed, the concentration would of course be 
diluted by the concomitant vasodilat.ation dnring the exercise period. If 
the ATP has as its source a  point proximal to the muscle bed, then the 57 
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increase in blood flow through the muscle would serve to increase the actual 
amounts of ATP appearing in the venous effluent per unit time. Thus it 
became essential to find  whether ATP was present in the arterial blood 
passing to the forearm musculature. 
Resting arterial and venous samples  of blood  were  taken from four 
subjects. The mean arterial concentration of ATP was 0·19/lg/ml. (0·07-
0·26 fig/mI.) and in venous blood of the same subjects it was 0·70ltg/ml. 
(0'57-0'84 fig/mI.), similar to the venous levels found previously (Forrester, 
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and after 20 % (A) and 10% (B) maximum voluntary contraction. Different 
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duration of th  .. Sllstflinp(l forearm contrflction. Kote tIlE' Hlow rise in concen· 
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(tension resulting eventually in fatigue)  in contrast to the sharp ri:;e and 
fall obtained in the non-fatiguing 10 % l\1YC. 58 
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1969).  Thus it appeared that, under 'resting' conditions,  blood coming 
from the forearm musculature contained more ATP than that travelling 
to it.  One experiment was  performed where simultaneous arterial and 
venous samples were taken from a subject before, during and after a 10 % 
MVC. Figure 8 (a) shows the concentrations of ATP obtained in the venous 
and arterial blood. Except for one sample, taken immediately after the 
start of the contraction, the concentration of ATP was clearly higher in 
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Fig. 8.  Concentrations and amounts of ATP in arterial and venous blood 
of one subject before, during and after It 10 % MVC: (a) shows a histogram 
of concentrations of arterial (0) and venous (0) samples taken  simul. 
taneously; sample 1,  Tcsting valuc; samples 2,  3 and 4 taken at intervals 
during  contraction;  samples  5  and  6  obtaineci  aftE'r  the  contraction. 
(b)  shows comparitiOIl of total amounts of ATP in venous (0) and arterial 
(.) blood before, during and after the cuntractiOll. 59 
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the vein than in the artery, even during the period of vasodilatation. The 
blood flow  through the forearm was measured at a  10 % MVC  and the 
actual amounts of ATP in arterial and venous blood before, during and 
after the contraction were expresRed in Jlg/100 mI.  tissue.min (Fig.  8b). 
Apart from the first venous sample during the work period, the amount of 
ATP in both arterial and venous blood increased during work and immedi-
ately after work. 'l\vo minutes after work the concentration of ATP had 
returned or nearly returned to normal resting levels. The blood flow during 
the contraction at this tension increased to a  steady-state level approxi-
mately three times the resting value and then showed an increase to five 
times the resting value in the first 10 sec after work. It  returned almost to 
the control value 2 min after the contraction ended. 
DISCUSSION 
Adenosine triphosphate has been identified in human arterial and venous 
blood and it has been shown that there is an increased concentration pro-
duced in the venous effluent from exercising forearm muscles. The main 
.question arising from these results concerns the source of the ATP. Are 
the plasma levels of ATP in samples of blood obtained from resting sub-
jects merely an index of damage to the formed elements of the blood? 
The erythrocyte contains high concentrations of ATP (Bartlett, Savage, 
Hughes  &  Marlow,  1953).  In the  series  of experiments  where  known 
amounts of ATP were applied to clotted whole blood there was inevitable 
mixing of free erythrocytes with the solution of ATP. Any liberation of 
ATP from these cells would almost certainly have been detected; in fact, 
the ATP concentration was reduced by this procedure (Table 1). 
Blood platelets contain a higher concentration of ATP than other tissues, 
with the exception of the adrenal medulla and mammalian skeletal muscle 
(Born,  1958).  Experiments  in  the  present work  indicate  that  platelet 
damage was contributing up to half of the total amount of ATP found in 
the plasma. Early observations by Zipf (1931) have indicated that whole 
blood,  when exposed to mechanical disturbance,  will  increase its vaso-
dilator property. Folkbw (1952) has also shown that vasodilator agents are 
released even when slight handling of arterial blood takes place, and that 
the most important of these substances might be ATP released from the 
erythrocyte. It  now seems likely from the present results that the increase 
in vasodilator property of shaken blood ,ms due mainly to ATP released 
from damaged platelets, rather than from· erythrocytes. 
The  increase  in  concentration  of ATP  in  thc  ycnous  effluent  from 
exercising forearm muscles may prove to be significant. It  is unlikely that 
muscles performing sustained contractions at the level of lO and 20 % of 60 
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the  maximum voluntary contraction inflict any damage on the formed 
elements of the blood, although it is not known whether local effects of 
contracting muscle can render blood platelets more fragile, thus increasing 
the amount of ATP released  from  them. Abood,  Koketsu &  Miyamoto 
(1962)  iHwe  shown in vitro  that ATP is liberated from  both nerve and 
muscle cells in association with depolarization. It  may be that the increase 
in ATP concentration of blood coming from  exercising forearm  muscle 
represents some residual ATP produced by recent activity of muscle and 
nerve. If  indeed ATP is released from active skeletal muscle in vivo, the 
question must be raised as to the part it may play ill  the hyperaemia 
occurring in muscles  during and following  contraction,  since ATP is  a 
powerful vasodilator agent. 
Part of the research reported in this paper was sponsored by the Aerospace Medical 
Re"earch Laboratories, Aerospace Medical Division, Air :Force Systems Comma~d, 
Wright-Patterson Air Force Base, Ohio, under contract no. AF33 (615) 2922 with 
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uspd  in  the  second  part  of  this  work  was  obtained  as  required by Ail'  Force 
Regulation 16!J-S. 
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Commentary  - paper 6. 
The  full  report  discussed  in the  previous  paper was 
received with  interest in view  of  the  great vasodilator 
potency  of ATP  upon  muscle  blood vessels.  The  older 
literature dealing with  other extracellular actions  of ATP 
was  reconsidered  and  other workers  contemplated the  possible 
role  of nucleotides as  local vasodilators.  A vital question 
arose:  is there  enough  ATP  released locally to  produce  a 
vasodilatation to  match  that seen  in heavy  muscular exercise? 
Earlier work  by Duff,  Patterson & Shepherd  (1954)  had 
demonstrated the  potent  (and painless)  nature  of the action 
of ATP  on  human  forearm muscle  blood vessels.  They  had 
also  assessed  the blood  flows  in forearm  muscle  in response 
to  various  infused  concentrations  of ATP.  In other words 
a  dose-response  curve  was  already available for human  forearm 
muscle  in terms  of ATP.  This  paper compares  the  amounts  of 
ATP  recovered  from  the  exercising forearm with  that amount 
injected by Duff et al for the  same  blood  flow.  Evidence 
was  provided that there was  indeed  a  significant amount  of 
ATP  released from  the  forearm musculature  to  cause  vasodil-
atation in exercise. 
The  problem of what  concentrations  occurred locally 
around  the  resistance vessels was  not yet  resolved,  nor was 
the question of the  fate  of the  products  of nucleotide 
degradation yet addressed. J. Physiol. (1072).224, pp. 611-628 
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EFFLUENT  FROM  EXERCISING  HUMAN 
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SUMMARY 
1.  Human subjects performed a  sustained contraction of the forearm 
muscles for 4 min in the presence of arterial and venous occlusion. 
2.  The contraction was maintained at 5 % of the maximum voluntary 
contraction, a tension during which the muscle blood flow might be expected 
to increase by about three times (Lind & McNicol, 1967). 
3.  Adenosine triphosphate (ATP) was identified in the venous effluent 
from occluded exercising forearm,  but not in the venous effiuent from 
occluded forearm without exercise. 
4.  The rate of degradation of  ATP was assessed in plasma at 37° C, with 
an estimate of the percentage loss occurring between sampling and testing. 
This enabled the rate of appearance of ATP in the blood at the time of 
exercise  to  be  calculated  as  approximately  7·5-10·5 fog/min  (14-20 n-
mole/min). These amounts are compared with 16llg/min that was infused 
intra-arterially into human forearm to cause i'  threefold increase in blood 
flO',v  (Duff, Patterson & Shepherd, 1954). 
5.  It  is likely that the ATP detected in the venous effiuent has active 
muscle as the source; if so, then the amounts calculated to be released 
could sati::;fy the vasodilator requirements of active skeletal muscle. 
6.  The effects of circulating ATP on respiration and coronary blood flow 
during exercise is discussed, including the role it may play locally in the 
production of ischaemic pain. 
I~TlWllUC;TION 
It is  now gellerally agreed that the hyperaemia in exercising skeletal 
mu::;cle  is  mediated by changes in the loc,.l chemical environment. Many 
changes have been put forward as being responsible for this vasodilatation, 
24'2 ----------------------------------
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including hypoxia (Guyton, Ross, Carrier & Walker, 19(4), release of ATP 
from aetive muscle (Boyd & Forrester, 19(8), increase in potassium concen-
tration (Dawes,  1941; Kjellmer, 1965), increase in osmohtrity (Mellander, 
Johansson,  Gray, Jonsson, Lundvall  &  Ljung,  1967),  a  combination of 
hypoxia and increased  pota;;;sium  (Skinner  &  Powell,  19(7) and,  morc 
recently, an increase in the concentration of inorganic phosphate (Hilton 
&  Vrbova, 1970). 
A  common approach to the problem has  been to perfuse the resting 
skeletal muscle with blood or saline having a  composition similar to that 
of the venous blood obtained from the muscle when active. The increase in 
blood flow  so produced is then compared with the hyperaemia occurring 
at the time of exercise. In this way the roles of oxygen, hydrogen ion, 
potassium, osmolarity and magnesium have been considered (Raddy & 
Scott, 1968; Scott, Rudko, Radawski & Haddy, 1970), but none appear to 
be satisfactory either on the grounds of potency, or of  the amoun.ts detected 
in the venous effluent, or both. The role of inorganic phosphate has also 
been investigated in this manner by Barcroft, Foley & McSwiney (1971). 
They found  that during  vigorous  exercise of the forearm  muscles  the 
phosphate in the venous effluent increased in concentration by 20 %. How-
ever, an infusion of phosphate which raised the plasma phosphate level in 
t!te venous effluent by 400 % had no effect upon the rate of  forearm blood 
flow in the resting forearm. 
ATP is \vell known as a  powerful vasodilator of skeletal muscle blood 
vessels, hyperaemia of a  magnitude equivalent to that found in exercise 
being easily achieved with quite moderate intra-arterial doses (Duff et al. 
1954). The release of ATP from active skeletal muscle in vitro has also been 
demonstrated (Abood,  Koketsu & l\1iyamoto,  1962; Boyd & Forrester, 
1968). Recently it has been shown that there is an increa!';e in the concen-
tration of ATP in the venous effluent  from  exercising human forearm 
muscle (Forrester & Lind,  19(9); however, a  quantitative study was not 
really possible for several reasons. First, the increase in blood flow through 
exercising skeletal muscle has the effect of washing out and diluting the 
A'l'P to an unknown extent. Secondly, the rate of destruction of small 
amolmts of ATP in the bloodstream was unknown and thirdly, it was 
realized that a proportion of the ATP detected came from damage to blood 
platelets after collection of the samples. \Vith rcfinements in technique it. 
has now been possihle to avoid damage to blood platelets, thus eliminating 
the background levels of ATP; the problem of dilution in vivo  has becn 
minimized by arresting the blood flow  during the period of exercise; the 
rate of degradation of A'l'P in plasma at 37° C has been assessed, along 
"ith an estimation of the percentage loss occurring between sampling and 
testing. 65 
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The pm-pose  of this study was to obtain an estimate of the original 
amounts of ATP appearing in the venous effluent at the time of exercise 
and to compare thcm with the amounts that Duff et al. (1954) infused into 
the forearm to cause the equivalent of a  physiological vasodilatation. A 
preliminary report of these results has been given to the Physiological 
Society (Forrester, 1972). 
METHODS 
Experiments were performen on seven healthy male volunteers aged from 22 to 
54 years. Each subject sat comfortably in an upright chair and grasped a  vertical 
wooden bar steadily with the thumb hooken. round a  fixed vertical post. The arm 
was kept straight and horizontal. The bar had a  3'5 kg weight suspended from it, 
making the subject sustain a grip of about 5 % of  their maximum voltmtary contrac-
tion (l\IVC). 
Procedure. The subject was asked to grip tho bar ancI at the same time an arterial 
occlusion cuff was applied above the elbow and inflated to a pressure of 180 mm 'Hg. 
Exercise continued for 4 min after which time the cuff 'was  deflated to preossures 
ranging from just below systolic to zero mm Hg. This allowed blood to enter the 
foroarm, displacing the blood already in the forearm musculature towards a sampling 
needle (Gillette type 120, external diameter 1·1 rom) situated in an antecubital vein. 
Samples of blood were taken at inten'als before, during and immediately after the 
occlusion period, the subject still maintaining the sustained forearm contraction. 
Each sample of venous effluent (3'6 mI.) was transferred to a centrifuge tube, con-
taining 0·4 m!. of citrate anticoagulant, which was centrifuged at 2000 rev/min for 
25 min at 50 C. The supernatant plasma was then tested using t.he firefly luminescence 
tcchnique. All blood samples were handled throughout in non-wettable glassware 
and plastic non-weHahle containers.  Glas8ware was siliconized using'  Hepelcote' 
(Hopkin &;  Williams Ltd.). 
Firej!y lumine8cence procedure. A  moi:lificat,ion of the method devised by Strehler 
&  McElroy (H)57) was llsed and ha.~ heen previously described (Boyd &  Forrester, 
1  noS). Tho same photomultiplier tube (14-stage E.l\LI. 6262 with a conventional S II 
photocathode) was used  as before; the dark current was virtually zero, giving a 
maximum signal-to-noise rutio at high voltages. Some improvements were made for 
thid investigation. An automatic pipette gun (Schwarz Bioresearch Co.) with non-
wettable plaf;tic di"penserR was lIsed to apply the sample of plasma to the extract of 
fircfly  tail"  (type FLE 50,  Sigma Co.). Thus mixing of the solution became more 
effieif'nt and the time taken to assay the samples was also greatly reduced. A switch 
was incorporated between the powcrpack ancl  the phototube enabling the voltage 
used (1300 V) to be applied instantly across the tube. This made it possible to record 
the time conrse of tho light signal immediately after pipctting in the solution of 
plasma  (compare Fig.  2b,  Forrester &  Lind,  1!l69  with Fig.  3b) and became all 
important factor  in  the comparison of responses  evoked from  firefly  extract by 
diffcl'f'nt  triphosphates.  The voltage  Ilcrogs  the tube was switched on 6 sec after 
pipetting the plasma sample into the extract of firefly tails. 
The response of the extract to ATP, 2·5 x 10-8 ,  5 X  10-8  and 10-7 g  (0'05, 0·1 and 
0·2 n-l~lOIe)/ml. is  sho\\'n in Fig. 1 a. Kote that the maximum light signal is at the 
beginning and that there occurs a  steady fall in the light emission. Since the firefly 
extr·".ct alone emit,,", a stf'urly light signal a dc-cay ill ths light signal had to be present 
before A'l'P \Vas judged to bfl present in H solution. A rIose-response curve is obtained 
by plotting the maximum light signal obtained 6 sec after mixing the solution or 66 
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ATP with extract (Fig. 1 b). Variations of light signal are slight at the lower concen-
trations and in general the shape of the dose-response curye is remarkably constant. 
The response to similar doses of adenosine diphosphate is also shown. 
Anticoagulation. It  was found that exposure of a  solution of plasma to solutions 
of ethylenediarnine-tetra-acetic acid (EDTA) caused the appearance of ATP in the 
plasma. In contrast, a solution of citrate (2 % trisodium citrate in normal saline) had 
no effect on the levels of ATP in plasma. This finding, together ,,,ith the scrupulous 
siliconization of  glasaware, reduced the background leve19 of ATP in plasma to below 
the threshold sensitivity of the firefly test. 
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Fig. 1 a.  Light signals from firefly extract in response to ATP, 2· 5 X 10-8, 
5x10-
8  and  10-
7 g/ml·t, voltage switched  on: t, voltage switched off: 
vertical  bar.  10 mV;  shortest  trace,  50 sec.  b,  Concentration  .. -response 
curve of firefly extract to ATP. Ordinate, m V drop in proportion to current 
in phototube. Abscissa, concentration of  ATP applied. Dotted line, response 
to ADP. Vertical bars are ±  one S.D.  . 
]}f  easurement of  emis.~ion spectrum_ The Arninco-BoWIllan spectrophotofiuorometer 
was used to measure the spt"ctmm oflight emitted from the firefly extract in response 
to various triphosphates. The nucleotides were added by pipette to firefly extract in 
a  cell  already mounted  in  th(-)  spectrophotofluorometer. The spectrum was  COll-
tinuously scanned from 200 to 800 nm in a period of 90 sec. High concentrations of 
nucleotide were used (10-
4 g/m!. ::>1'  182 n-mole/ml.) so that the intensity of the light 
signal was great enough for detection  by the phototube  (Aminco-Bowman  type 
IP  28)_  Scanning was not started until there was minimAl decay in the light signal. 
This technique has been demonstrated to the Physiological Society (Forrester, 1  (70). 
Radioactivity  measurements.  Adenosine-2-H3-5'  -triphosphate,  cytidine-5-H3-5'-PLAKlJfA ATP LEVELS IN EXERCISE  615 
triphosphate,  guanosine-8-R3-5'-triphosphate,  inosine-8-R3-5'  -triphosphate  and 
uridine-5-R3-5'-triphosphate were supplied as the ammonium salt by the Radio-
chemical Centre, Amersham. After elution through the Sephadex column (see below) 
the fractions  were counted  using  a  licJuid  scintillation  spectrometer  (,Tri-carb', 
Packard). 
JJfolecltlar sieve chromatoyraphy.A column of Sephadex (G-25, fine grade, Phar-
macia,  Sweden)  was  used  and  has  been  described  in detail  elsewhere  (Boyd  & 
Forrester, 11)66). 
Apyrase test. Potato apyrase (Sigma Co.) was used as previously described, with-
out modification (Boyd &  Forrester, 1968). 
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Fig. 2.  Response of extract to plasma samples from the forearms of three 
subjects, A, Band C.  Sample 1 taken before onset of exercise; samples 
2  and  3  taken  during  occlusion +  exercise;  sample  4  takon  just  after 
occlusion, exercise continuing. t, voltage switched on; t,  voltage switched  off. 
RESULTS 
In nine experiments on seven subjects sustained exercise of the forearm 
muscles in the presence of arterial occlusion produced a  change in the 
venous plasma which caused a light signal to be produced when mixed with 
extract of firefly tails. 
Fig.  2  illustrates the response of firefly  extract to samples of plasma 
obtained  from  three  of the  subjects  before,  during  and  after  arterial 
occlusion, each subject performing a  sustained contraction of the forearm 
muscles throughout, Sample 1 in each case was taken before the onset of 
exercise.  The occlusion  cuff was  then inflated and exercise commenced. 
Samples 2 and 3 were collected during the period of  occlnston and sample 4, 
was obtained just after the occlusion cuff was deflated. In every experi-
lllent the response to samples taken just after arterial occlusion was always 
much greater than the response to plasma from the resting forearm. In six 68 
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subjects the venous effluent was tested after at least 4 min of arterial 
occlusion without exercise. In no case did any post-occlusion sample of 
plasma produce a  light signal from firefly  extract. Fig.  3  compares the 
response of firefly  extract to samples of plasma from the same forearm 
after  occlusion +  exercise  (A)  and  then  after  occlusion  alone  (B).  The 
sampling needle was introduced through the same skin puncture into the 
same antecubital vein in the second experiment. The cuff was inflated 
between taking samples 1 and 2; sample 3 was obtained just after cuff 
deflation.  No  light  signal  is  evoked  from  firefly  extract by  the  post-
occlusion sample from the resting forearm. 
A 
b 
r---,  =  [  :J  [  I  r- ---..  +  t  •  ii  t  •  iii  t  t  iv  t  +  2·5x t  ...  10-7 
10-0 
B 
h 
]  , 
<=-- t-l  r  \  t  ..  ii  t  +  iii  t  +  2·5x t  ..  5x  t  ..  10-. t 
10-·  10-8  L..J 
Fig. 3.  Response of  extract to plasma from a forearm undergoing A, occlu-
sion +  exercise and E, occlusion only. 
A  (i),  before exercise;  (ii)  3 min after onset of occl\l~ion and exercise; 
(iii)  2! min later, cuff at 80 rom Hg; (iv)  1~· min later, cuff at 60 mm Hg. 
Hesponses to ATP (g/ml.) also shown. 
B  (i) before occlusion; (ii) after 4 min of  occl\l~ion; (iii) 20 sec later. Note 
tho greater sensitivity to ATP, 2·5 x 10-8 g/ml. 
Scales:  vertical,  10 ill  V;  horizontal,  10 sec.  Apply  to  both traces.  t, 
voltage switched on; t, voltage switched off. 
Identification of ATP 
t 
Although ATP was previously identified in plasma from exercising fore-
arm muscle (Forrester &  Lind, 1  !W9), nevertheless, further tests of identi-
fication were applied in this work in addition to the firefly lum inescence test. 
Column  chromatography.  A  post-occlusion  sample of plasma  (Fig.  5, 
subject S.\V., fourth sample) was eluted through a  column of Sephadex 
and the fractions tested on firefly extract. Fig. 4B shows the pattern OJ 
elution of the substance evoking a  light signal from  firefly  extract. Ir 
Fig. 4C the elution pattern of a  post-o()clnsion sample of plasma fron 
another subject is shown. In this case the fraction occurring at 9 ml. wa 
incubated with 1 mg of the enzyme apyrase at 30° C for 10 min ana thKl 
tested again on tlle extract. Apyrase converts ATP to AMP (Krishnar , 
1949) which does not produce a light signal from firefly extract. The exten , 
of the light production after incubation with apyr:1se is shown by the dare PLASMA ATP LEVELS IN EXERCISE  617 
column at 9 ml. The shaded column shown a.t  10 ml.  is the result of in-
cubating this fraction  for  10 min at 30° C  without apyrase.  The slight 
reduction in the signal would be expected as a result of the residual ATPase 
activity in the plasma (see Fig. 6). Fig. 4A shows the pattern of  elution of  a 
solution of ATP, 1 pg (1'8 n-mole)/ml. The peak signal appears at almost 
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Fig. 4.  Elut.ion of ATP and pln.~ma sample., through it Sephaclex column. 
Fractions estimated on ftrefly extract. A, ATP, 10-6 g/m!. B, post-occlusion 
sample obtained during exercise.  C,  post-occlusion sample from another 
subject (1. D.); fmction at ()  rnl. incubated with apyrase, retested on extract 
(lilll); fraction at 10 ml., incubation cOlltrol (:=J). 
the same locm; as that, for the samples of plasma. It is interesting to com-
pare this elution pattern with that obtained using labelled ATP; in both 
cases the peak lay near to 9·5 mI.  Since the firefly  extract is relatively 
insensitive to ADP (see Fig. 1), this would indicate that little break-down 
of ATP occurs when a pure solution is ehtecl through the column. 70 
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It  was possible with the use of labelled nucleotides to obtain the elution 
patterns ofCTP, GTP, ITP and UTP. The only triphosphate having nearly 
the same elution pattern as ATP was GTP; however, GTP could hardly 
be the main triphosphate present in the plasma samples since the firefly 
extract is relatively insensitive to GTP and very large amounts would be 
required to produce the equivalent amount of  light evoked by the plasma 
samples. 
A  notable feature of the firefly  response to plasma samples was the 
'hump' in the time course of  light production (Figs. 2 and 3). This is some-
what different from the response seen with doses of pure ATP (Fig.  1). 
Balfour &  Samson (1959)  have shown that the firefly luciferin{luciferase 
enzyme system is not entirely specific for ATP; the extract can emit light 
when other triphosphates are added to it. The time course of  light emission 
from firefly extract in response to the triphosphates of  inosine, xanthosine, 
cytidine, guanosine and adenosine was measured. In every case there was 
an immediate response, but in the case of CTP there was further slow 
development of light, reaching a  peak some seconds later. This was also 
shown to a  lesser degree by the other triphosphates. It  was found that 
CTP always had the greatest time-to-peak value. 
Balfour & Samson provided evidence for the existence in firefly extract 
of enzymes catalysing the following reaction: xTP +  ADP =  xDP +  ATP, 
where x is any nucleotide base. One explanation for the slow development 
of the light signal seen in the firefly response to plasma from exercising 
muscle might be that there are small amolmts of other triphosphates pre-
sent in the plasma, together with ADP. The transphosphorylases present in 
the firefly extract would convert any ofthose triphosphates to ATP, which 
in turn would contribute to the light signal, since the extract is much more 
sensitive to ATP than the other triphosphates. 
Emis8ion spectrum. There was a possibility that the other triphosphates 
caused light emission from firefly extract because another type of  luciferin 
molecule  was  present in  the  extract.  The  light  emitted from  various 
luciferins  has  maxima  ranging  from  470-570 mn.  However,  the  only 
luciferin having peak light emission at the maximum of 562 nm in response 
to ATP is the one found in insects, including the firefly  Photinu.3 pyrali8 
(Pesce, Rosen & Pasby, 1971). The emission spectra from firefly extract in 
response to CTP, GTP, ITP, UTP and XTP were measured and they all 
showed a peak of light emission at 562 nm. It is therefore concluded that 
the firefly extract uscd in this work (type FLE 50, Sigma Co.) contains a 
lucifer-in  which  emits light  in response to all  the triphosphates. In order 
to discriminate between the various triphosphates the firefly  technique 
has to be uscrl in conjunction with column chromatography_ 
It  is concluded from the above tests using firefly luminescence, column 71 
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chromatography and apyrase that ATP is present in the venous plasma 
from exercising forearm muscle. 
Estimation of tlte amounts of ATP released during forearm exercise 
The initial light signal produced from firefly extract by plasma samples 
was used to assay the amounts of ATP (see Methods). Samples of plasma 
that gave no decay of light signal when applied to a firefly extract were 
given an assay value according to the strength of the steady light signal 
0.. 
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b  1.K.130  c:  S.W.125 
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10-'~~~~~~~  -LJ 
0246802460246 
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Fig. 5.  Concentrations of ATP in venous ph.sma before, dllring and after 
arterial occlusion +  exercise. Clear rectangles, durntion of exercise; shaded 
areas, time of  arterial occlusion. Resting systolic blood pressure given above 
')ach  figure.  Filled symbols,  samplE's  without  decay  ill  light signal  (see 
Methods)  an(1  therpfore  bc-low  as~a'y  lhre"hold  (dashed  lines).  V~rtical 
arrow in d, see text. FihTurei!  abovo post·occlusion samples, Cliff pressure 
when sample was taken. 72 
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emitted, but were nevertheless deemed to have a value below the threshold 
for accurate measurement. 
Fig. 5 shows the results of six experiments on four of the subjects. In 
subject J.K. (a)  the initial systolic blood pressure .... ras 150 mm fIg. The 
concentration of ATP in the plasma before forearm exercise was 10-8 g 
(0'02 n-mole)/ml. In order to obtain the third sample, the arterial occlusion 
cuff was reduced to a  pressure of 140 mm fIg, just below systolic blood 
pressure. The cuff remained inflated to that pressure for the collection of 
the fourth and fifth samples. It can be seen that the concentration of ATP 
in the third sample has risen to nearly ten times that in the sample before 
exercise; the concentration in samples 4  and 5 has fallen rapidly as the 
blood flow through the sampling needle increased. A  second experiment 
on the same subject (b) showed that similar values were obtained.  when the 
occlusion cuff was let down to 50 mm Hg during collection of the post-
occlusion samples.  An  extra sample was obtained during the period of 
occlusion which gave a small light signal with no decay. The fourth sample 
in Fig. 5c was used to elute through the Sephadex column (Fig. 4). In Fig. 
5d the sample indicated by the vertical arrow could only be obtained from 
the occluded forearm by momentarily letting the pressure down in the 
cuff.  'Vhen the cuff was  eventually deflated to 50 mm Hg the  concen-
tration, although reduced,  still remained substantially higher than the 
resting level  of ATP before exercise.  In two experiments on the same 
subject (Figs.  5e and f) the cuff was let down to 100 and zero  mm Hg. 
There was found to be a similar increase in the concentration of ATP over 
the re3ting level in both experiments. In the experiments shown in Figs. 5et, 
e andfthe concentrations of ATP in the post-occlusion samples have risen 
by about 50 times. Table 1 gives the results of all the experiments on the 
nine volunteers. The maximum concentration of ATP fOlmd  in the post-
occlusion sample" [rom each hubject is given and ranged from 1·8 x 10-8 to 
5 X  10-7 g (0·033-1'0 n-mole)/ml. plasma. 
Assessment of AT  P degradation. ATP is known to be rapidly destroyed 
in the bloodstream  (Jorgensen,  19.56;  Ireland  &  l\Iills,  1964;  Holmsen, 
Stormorken &  Goote, 1965) and it was certain that the final concentration 
could represent only a small fraction of the ATP originally present in the 
blood samples. Experiments were done to assess the degree of degradation 
taking place from the time of exercise to the time of testing on the firefly 
extract. Degradation took place jn two phases: an in vivo stage including 
the time of transfer of blood bet\,-een the s.)Tinge and the centrifuge, and 
an in vitro stage, -when the biJocl sample was centrifuged for 2.3 min at 5° C. 
The Joss  occurring in  vitro  WUl>  assessed as follows.  Samples of venous 
blood were obtained from restmg subjects, transferred to centrifuge tubes 
and placed in a water-bath g,t  37° C. ATP was then added to the tubes to Expt 
2 
3 
4 
5 
fl 
7 
8 
9 
TABLE  1.  Assay results for all experiments 
Cuff pressure  After correction for 
Duration of  during  ATP  in m'tro degradation 
Age  exerciso  sample collection  equivalent  (pg (n.mole)/m!. 
Subject  (yr)  (min)  (mmHg)  (g/m!. plasma)  whole blooel) 
J.K.  43  5·0  140  8'~ x 10-8  2·10 (4,20)  J.K.  4·3  50  5·0 x 10-a  1·75 (3·GO) 
S.W.  31  5·5  100  1·8 x 10-8  0'G5 (1·30)  A.S.  41  5·5  0  1·2 x 10-7  2-55 (5,10) 
A.S.  3'5  100  3·7 x 10-7  4·00 (8'00) 
W.B.  35  5·0  50  4·G X  10-8  1'50 (3'00) 
I.D.  22  5·0  50  2·3 X  1O~7  3'35 (G'70)  J.C.  54  3·0  *  5·0 X  10-7 
A.MeL.  23  5·5  80-50t 
4·40 (8'80) 
5·5 x 10-8  1-G5  (3·30) 
•  Cuff let down momentarily in order to obtain sample, then immediately reinflated. 
t  Cuff pressure fell frum 80 to 50 mm Hg whilst sampling. 
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give concentrations ranging from 1 to 5 pg (2-0 n-mole)/ml. whole blood. 
After addition of ATP the tubes were immediately centrifuged and the 
residual ATP in the supernatant plasma assayed. There was found to be a 
linear relationship bebveen the amounts of ATP put into whole blood and 
the amounts recovered in the plasma after centrifugation. The concentra-
tions of ATP found in plasma during exercise were then converted to 
amounts contained in the whole blood just before centrifugation using this 
relationship. The last column in Table 1 gives the corrected values for each 
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Fig. 6.  Degradation of three concentrations of ATP in human plasma at 
37° C.  Each symbol represents plasma from a  different subject. An initial 
concentration of 5 p,g/m!. takes 32 min to degrade beyond the threshold of 
detection. 
subject. ThfJ mean corrected value for the concentration ofATP just before 
centrifugation is 2·4 pg (4·4 n-mole  )/ml. whole blood (range 0·65-4·40 pg/ 
rol. or 1·2-8·0 n-mole/ml.). 
Estimation of ATP degradation in vivo can only be approximate, since 
the accumulation of ATP in the blood is continuously offset by the ATPase 
activity of the plasma at 37° C.  The effect of plasma at 37° C on low con-
centrations of ATP is shown in Fig. 6. ATP was added to plasma at 37° C 
in concentrations of 1,  5  and  10 pg/ml. Estimations of ATP were then 
made at frequent intervals m:ing the firefly test. A  consistent pattern of 75 
PLAS.MA ATP LEVELS IN EXERCISE  623 
degradation  is  seen with each concentration. If  it is  assumed that the 
ATP appears in the blood at a  steady rate during the 4 min period of 
exercise, then a very large proportion of the amount appearing in the first 
minute will have been degraded. The ATP appearing in subsequent minutes 
will have had less time for debrradation to take place. The average time 
taken for the post-occlusion samples to reach the  centrifugation stage, 
taken together with an arbitrary time of 2 min allowed for degradation in 
the forearm, amounts to 6 min. It has been estimated that the concen-
tration of ATP in the centrifuge tube just before centrifugation ,vas 2·4 pg 
(4·4n-mole)/ml. whole blood  ..  Mter correction for the haematocrit this 
becomes 4'3 flg (7'8 n-mole)/ml. plasma. With the co-ordinates of  4·3/ig/ml. 
and 6 min a point is reached in Fig. 6 lying just above the curve of degra-
dation of 5 flg/ml.  The average concentration of ATP estimated to be 
present in the blood within the forearm at the time of exercise is therefore 
calculated to lie between 5 and 7 flg (9 and 13 n-mole)/ml. plasma. 
Sj6strand (1935) has estimated that the volume of small blood vessels in 
skeletal muscle is about 4 % of the volume of the whole muscle. In a fore-
arm containing 150 ml. muscle the volume of  blood vessels into which ATP 
might be expected to diffuse is therefore 6 ml. The total amount of ATP 
calculated to be present at the time of exercise then ranges from 6 x 5 flg 
to 6 x 7 flg (54-76 n-mole). Over the 4 min period of exercise the rate of 
release is then calculated to be between 7·5  and 10·5 flg/min  (14-20 n-
mole/min). The average concentration of  ATP in resting human quadriceps 
femoris  muscle has been recently estimated as 4·3 flmole/g  wet muscle 
(KarL'lson, 1971). In a forearm containing 150 g wet muscle the total intra-
cellular ATP is approximately 645,umole. With an output of 20 n-mole/ 
min released into the venous effluent the percentage loss of intracellular 
ATP over a  4-min period of exercise amounts to less than 0·02 %. 
DISCUSSION 
The amount of ATP released into the venous effluent when human fo~e­
arm muscles  exercised  at  approximately  5 %  1fVC in  the  presence  of 
arterial occlusion has been calculated to lie between 7·5 and 10'5,ug/min 
(14-20 n-mole/min). No allowance has been made for any dilution that 
may have occurred in the passage between the vascular bed and the ante-
cubital vein from where the samples were taken; nor has any allowance 
been made for the fact that ATP is degraded seven to eight times more 
rapidly in whole blood than in plasma (Jorgensen, 1956), since in this work 
the estimation of ATP degradation in vivo at 37
Q  C was made in plasma. 
The forearm exercise was performed in the presence of arterial occlusion 
and the obvious question arises, does ATP appear in the venous effluent 76 
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as a  result of occlusion?  Previous work has shown that when forearm 
muscles performed a  non-fatiguing 10 %  l\IVC for 4 min without arterial 
occlusion the ATP concentration in the venous effluent increased by 4 pg 
(7'3 n-mole)/ml. (Forrester & Lind, 1969, Fig. 7 B). Although the forearms 
only performed a  5 %  lVIVC in this study, the mean figure of 0'21fg (0'36 
n-mole)/ml.  (ATP equivalent, Table 1)  obtained would suggest that the 
arterial occlusion was not a factor in the production of ATP in the venous 
effluent. 
Duff et al.  (1954)  have shown that an infusion of A1'P at 16 pg (29 n-
mole)/min into the brachial artery of human volunteers trebled the blood 
flow through the forearm. 'When forearm muscles sustain a contraction of 
5 %  MVC,  such as the subjects performed in this study, the blood flow 
might be expected to increase by about three times  (Lind &  McNicol, 
1967). Thus for approximately the same increase in blood flow the amounts 
of ATP infused intra-arterially are close to the amounts calculated to be 
released during forearm exercise. It is concluded that ATP could act as a 
satisfactory  mediator  of  vasodilatation  in  exercising  human forearm 
muscle. 
Perhaps a significant result from these investigations is that after arterial 
occlusion for a minimum period of 4 min no ATP could be detected in the 
immediate post-occlusion samples of plasma. Even if it is assumed that 
the ATP concentrations in these samples were just above the threshold for 
detection, say 10-8 g (0'02 n-mole)Jml. then the original amounts present 
can be calculated as before. The amount just before centrifugation would 
be approximatelyO'1pg (0' 19 n-mole)/ml. whole blood after correction for in 
vitro deh'Tadation (Fig. 6). When this amount is adjusted for haematocrit 
and the time of in vivo  degradatiun taken as 6 min (see Results, p. 623, 
para.  1)  then the original amounts present are calculated as 1 pg (0·02 
n-mole)/ml. plasma, or 10 % of the amounts detected in the samples for 
exercising muscle. This would in itself suggest that muscular activity was 
responsible for the appearance of ATP in the venous effluent. 
It  has been generally supposed that cell membranes are impermeable to 
ATP under normal  conditions; nevertheless, recent work has provided 
evidence that ATP is released from active skeletal muscle (Abood et  al. 
1962, Boyd & Forrester, 1968) and can enter skeletal muscle cells (Chaudry 
& Gould, 1970). In the present study the virtual elimination of  background 
levels of ATP seems to exclude the blood platelet as a  source of ATP. 
Erythrocytes have already been excluded as a  direct source (Forrester & 
Lind, 1969), leaving skeletal muscle as the most likely source. 
A comparison can be made with the amounts released from active frog 
sartorius muscle in vitro (Boyd & Forrester, 1968). "When a sartorius muscle 
was maximally stimulated at 2Jsec for a  period of 30 min the output of PLAS.i1fA ATP LEVELS IN EXERCISE  625 
ATP was calculated as 8 pg (14·6 n-mole)/g wet weight of muscle. If  there 
is an average of 150 g muscle in human forearm, then with a rate of  release 
of7·5  pg (14n-mole)/min the equivalent release for a period of 30 min  would 
be 1·5 pg (2·7 n-mole/)g wet weight of  forearm muscle. Certainly the degree 
of forearm exercise was not as severe as that imposed upon the sartorius 
muscle and this would account for the lower figure for forearm muscle. 
ATP  as a cont'ributor to ischaemic pain. In these experiments the subjects 
were unable to sustain, in the presence of circulatory occlusion, a grip of 
greater  than  5 %  l\lVC  for  4 min  without  experiencing  considerable 
ischaemic pain. As it was, in the 30 sec period preceding deflation of the 
occlusion cuff there was a rapid development of pain, but as soon as the 
cuff was deflated to a pressure below that of  systolic the pain was immedi-
ately relieved. The highest concentrations of ATP were always found in 
the post-occlusion period, the concentrations falling rapidly in successive: 
samples, even when the cuff was kept at a point just below systolic pres-
sure (Fig. 5a). Thus the relief of pain coincided with the washout of ATP 
from the forearm muscle. It is known that ATP can produce pain when 
applied to the base of a skin blister in a  concentration of 100 pg (182 n-
mole)/ml. (Keele & Armstrong, 1964) and it is possible that in more severe 
exercise than that performed in tilis work the concentration of  ATP in the 
extravascular space might approach that level. 
Other effects of  circulating AT  P. The question arises whether ATP can be 
released into the circulation during exercise in sufficient quantities to affect 
other systems. ATP is known to have profound effects on the cardio-
vascular and respiratory systems when injected into the circulation {Drury 
& Szent-Gyorgyi, 1929; Gaddum & Holtz, 1933; Gillespie, 1934; McDowall, 
1944; Bielschowsky, Green &  Stoner, 1946; Emmelin &  Feldberg, 1948; 
Davies, Gropper &  Schroeder,  1951}.  Emmelin &  Feldberg gave 200 pg 
(364 n-mole) ATP I.V. to ce:s and found that a rapid and marked fall in 
blood pressure was produced. They concluded that this was due to pul-
monary vasoconstriction, bradycardia and vasodilatation. They also noted 
an  effect on respiration, namely an initial apnoea immediately followed by 
hyperpnoea. The effect  on respiration was thought to be due to ATP 
affecting the respiratory centre directly and indirectly through the vagi 
from the lungs, although the possibility that the hypemoea was reflexly 
caused by the hypotension cannot. be ruled out. Davies et  al. have sho\m 
that LV. infusion of ATP, 800 pg (1·5 p-mole)/ml., into human subjects 
produced similar effects on the circulatory and respiratory systems. In 
this study the amounts of  ATP estimated to be present in the blood would 
have little effect upon respiration, but perhaps ill more severe exercise, 
when hyperpnoea does occur, the  respimtory centre is stimulated by gl·eater 
concentrations of ATP in the blood stream. 
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The action of  ATP upon the coronary arteries has been studied by many 
,vorkers (Gillespie,  1934; Folkow, 1949; Green & Stoner, 1950; Winbury, 
Papierski, Hemmer & Hambourger,  1953; \Yolfe  & Berne, 1956; Rowe, 
Afonso, Gurtner, Chelius, Lowe, Castillo &  Crumpton, 1962). Rowe et al. 
recorded rises in coronary blood flow of up to 500 % in response to doses 
of ATP, 2 pmolefkg body weight and minute, introduced into the right 
atrium. Recent work in this laboratory has shown that the threshold of 
coronary  dilatation  in response  to ATP  lay  between  0·03  and  0·2 pg 
(0'06 and 0'56 n-mole)/ml. entering rabbit coronary arteries (McCruden, 
1970). ATP is known to be def,rraded in the lungs (Folkow,  1949) and a 
rapid degradation takes place in whole blood (J0rgensen,  1956); never-
theless, it is likely that in exercise when a large amount of ATP is being 
produced in working skeletal muscle, the threshold for coronaryvasodilata-
tion is exceeded. Further investigation is necessary to find whether ATP 
is completely destroyed in one passage through the lungs. Even if most of 
the ATP is  dephosphorylated in the circulation,  the concentrations of 
ADP,  AMP and adenosine  may reach  significantly  high  levels  during 
muscular exercise. 
I  wish to thank the volunteers for their co-operation during these studies. The 
excellent technical services of Mrs Anne Murray and Mrs Irene Thomson are grate-
fully acknowledged. This work is supported by an M.R.C. grant. 
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This abstract appeared  in response  to  some  earlier 
questions  about  whether the  in vitro  experiments with  frog 
muscle  were  indeed  dealing with  damaged  tissue.  In paper  6 
a  quantitative  comparison was  made  between  the  amounts  of 
ATP  released from  human  forearm muscle  compared with  those 
released from  a  frog  sartorius muscle  into  a  surrounding 
bathing solution.  Approximately  5  - 6  times  the  amount 
81 
was  released from  the  frog muscle  in vitro,  probably  indic-
ating the  reduced  extracellular ATPase  activity in the  frog 
muscle  experiment.  However  the  problem of cellular damage  was 
reasonably  answered  since  this preparation excluded direct 
dissection of the musculature. [From the Proceedings of the Physiological Society, 13-14 April 19i3] 
Journal of Physiology, 232, 8G--88P 
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Appearance of adenosine triphosphate in the perfusate from active 
frog skeletal muscle 
By T. FORRESTER and M.  O.  HASSAN.* In8tituie of Physiology, University 
of Gla.sgow 
'When an isolated frog sartorius muscle is made to twitch repetitively, it 
is possible to detect small quantities of adenosine triphosphate (ATP) in 
the surrounding bathing solution (Boyd & Forrester, 19(8). In view of the 
recent identification of ATP in the venous effluent from exercising human 
forearm  muscle  (Forrester  &  Lind,  19(9)  and  its  estimated  amount 
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Fig. 1. Response of (a) flTefly extract and (b)  a  perfused frog hen,rt to solu-
tions cf  perfusute and ATP. (a) (i), perfusate from unstimulated hind limbs; 
note no decay oflight signal; (ii), ATP, 10-8  g/m!.; (iii), porfusate from hind 
limbs stimulated at 5 Hz; (iv), ATP, 5 x 10-8  g/m!.  (b)  (i), perfusate from 
tmstimulnted  hind limbs;  (ii),  perfusate froIT'.  hind  limbs stimulated at 
5 Hz; (iii), ATP, 10-
8 g/ml; (iv), sample (ii) after incubation with apJTase. 
Horizontal bal's, timo of perfusion. 
•  D0partment of Physiology, University of Khartoum. '''.H.O. Grant. 
(P.T.O. 8] 
2 
(Forrester,  1972),  it was  of interest to analyse the perfusate from  frog 
skeletal muscle for ATP. 
The hind-limb musculature of decapitated, pithed frogs  was perfused 
with  frog  Ringer through  the abdominal aorta and the perfusate was 
collected from the anterior abdominal vein (Dale, Feldberg & Vogt, 1936). 
In each experiment the perfusion pressure was adj  usted so that the flow 
rate became  0·5 ml./min.  The  muscles  were  stimulated via the sciatic 
nerve  bundles  at frequencies  ranging  from  1  to  10Hz for  periods  of 
2  and  5 min  during  perfusion.  Perfusion  took  place  for  3 min  before 
stimulation. 
The perfusate produced a  light sigm~l when mixed with firefly extract 
(Fig. la). When perfused through a frog heart the perfusate had a positive 
inotropic effect which was abolished after incubation of the perfusate with 
the enzyme apyrase (Fig.  1  b). It is  concluded that ATP appears in the 
perfusate from active muscles. No ATP was detected in the perfusate from 
unstimulated muscles (Fig. 1 (t). 
The amounts of ATP produced in the perfusate at various frequencies 
of stimulation were measured, using the firefly assay. Stimulation at 1,  2, 
5  and  10 Hz  produced  4·0  (±  S.D.  2'5),  1·5  (± 0'48),  1·4  (±  0'8)  and 
3·0 (± 1'5)  p-moles per volley per 100 g  muscle  respectively,  while  the 
total amounts of ATP produced were  calculated as  240,  180,  420 and 
1800 p-moles per 100 g muscle per min. This compares with an output of 
50 n-moles per 100 g  muscle per min from an isolated sartorius muscle 
stimulated at 2 Hz (Boyd &  Forrester, 1968). 
This work is supported by an l\I.R.C. Grant. 
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This abstract  could be  subtitled  'the mysterious  peak 
at  (a).'  Not  only  did this  peak  of elution grow  more 
prominent with  the  time  of soak,  but it was  markedly 
accentuated when  the  muscle  was  twitched  or continuously 
depolarized with KCI.  Although  no  positive  identification 
was  made  of this elution peak,  it did  seem  to  indicate  the 
efflux of  a  larger molecule  than adenosine,  possibly ATP. 
Comparative  elution with  14C_ATP  was  not  performed  and 
direct testing with firefly extract was  precluded because 
84 
of the effect of radioactive  emission upon  the  photomultiplier 
tube  used  for light detection from  the firefly  luminescence 
procedure.  Modern  techniques would  now  make  this a  worthwhile 
project. [From the Proceedings of the Physiological Society, 19-20 April 1974] 
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Adenosine flux in frog skeletal muscle 
By T. FORRESTER and R. LINDSAY.* Institute of Physiology,  University of 
Glasgow. 
Adenine  nucleotides  have  recently  been  considered  as  mediators  of 
vasodilatation in skeletal muscle. The presence of ATP and its derivatives 
has  been  demonstrated  in  the  bloodstream  after  muscular  activity 
(Forrester,  1972;  Parkinson,  1973)  and the possibility exists that these 
substances are taken up by skeletal muscle. 
Fig.  1.  Gel filtration of (Sephadex 0-25, void volume 11·5 ml.) washout 
fluid (50-55 min sample) from sartorius muscles which had been previously 
soaked in  10 rmr [14CJadcnoi>ine  for  1 hr. (I),  3 hr (II), and  16 hr (III). 
In each profile the peak at (b)  corresponds to adenosine. Note that peak 
(a)  increases with time of Boak.  The substance responsible for this peak 
has  not  yet  been  identified.  Total  radio-activity was  the  same  in  aU 
three tests. 
\Ve have examined uptake and release of[14C]adenosine by the sartorius 
and toe muscles of the frog Rana temporaria. Intracellular content of the 
label  reached  a  steady  value  of  13 mMfkg  dry  weight  after  1~  - 2 hr 
incubation in 10 nnl [14CJadenosine.  The washout curve obtained after 
short (q-3 hr) periods of incubation showed two exponentials, the slow 
efflux  phase having ti =  26 min.  The  calculated  flux  was  7'3  p-mole/ 
cm
2.sec.  Prolonged  incubation  (> 12hr)  resulted  in  a  change  in  the 
character of the efflux. The intracellular content of label remained steady 
* Present  address:  Univorsity  Department  of  Medicine,  \Vestern  Infirmary, 
Gl>1.~)!;ow. 
[r.T.o. 86 
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but now three exponential terms were required to fit the efflux curve, the 
hyo slower movements having tl =  26 and 240 min. This suggests that the 
label is either held up in a separate, slowly exchanging compartment, or is 
incorporated into two separate compounds, each having a different rate of 
efflux. The latter alternative is supported by results from gel filtration of 
the washout fluid;  two peaks are evident in the elution profile  (Fig.  1, 
peaks a and b). 
Efflux of label from the muscles was increased by indirect stimulation 
or by depolarization with high Kel ringer. Gel filtration of the washout 
fluid from these muscles showed a  larger peak at (a) than that obtained 
from the fluid surrounding resting muscles. The substance eluted at this 
peak  has not yet been  identified,  but the  chromatography  procedure 
indicates that it is probably a larger molecule than adenosine. 
This work was supported by an M.R.C. grant. 
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Although  not directly concerned with  the  problem  of 
nucleotide  efflux from  skeletal muscle,  this short project 
did  emphasize  that  a  much  larger molecule,  creatine kinase, 
could  be  released  from  sartorius muscle  under identical 
conditions to  those  in which nucleotide  efflux had  been 
demonstrated.  These  conditions also  seemed  satisfactory 
to  other workers  in the field  of muscle  physiology. 
87 Effect of temperature on creatine phosphokinase released from 
frog skeletal muscle 
By  T. FORRESTER,  J. C. SWEET.{N  and 'V. H. S. THO:<\ISON.  Institute  oj 
Physiology,  University  oj GlasgO'w,  G128QG,  and Research  Laboratory, 
Knightswood Hospital, Glasgow G132XG 
Zierler (1958)  demonstrated increased enzyme efflux from  stimulated 
rat skeletal muscle. We examined frog sartorius muscle (Rana lemporaria). 
Sartorii at resting length were bathed at room temperature «  20
0  C) 
in changes of pH 7·2  phosphate-glucose-Ringer until efflux  of muscle-
specific creatine phosphokinase (CPK) ceased, then twitched isometrically 
to exhaustion at 2 Hz for 10 min, and changes resumed as before. CPK 
release after stimulation was far less than expected; and any dilution of 
effluent caused marked irregular loss of CPK activity, unlike the human 
enzyme (Thomson, 1969). This instability was investigated. 
In both sartorius effluent and human sera CPK was assayed simul-
taneously by two different methods, each measuring the same reaction in 
the same direction using the same substrates: 
ADP +  creatine phosphate ~  ATP +  crea~ine> 
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The first measured ATP kinetically during formation at 25° C using a. 
U.y. enzyme/coenzyme indicator (Thomson, 19(8); the second measured 
creatine  colorimetrically  after  formation  at  37° C  using  diacetyl-a:-
naphthol {Hughes. 19(2). Fig. 1 shows frog CPIC activity measurable by 
the first but scarcely by the second method, while human CPK activity 
was adequately measured by both. Though optimal at 37° C, human CPK 
shows tenfold inactivation in 5 min at 56° C (Thomson, 19(9); evidently 
frog CPK is even more labile. 
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Fig. 1. Simultaneous measurement of CPK activity at 25° C (kinetic) and 
37° C (colorimetric) in frog sartorius effluent (.) and human sera (0).  Lines 
fitted by eye. 
This thermal lability was examined in CPK released from frog sartorius 
into pH 7·2 Ringer at 0° C after l hI' immersion in pH 6·1 Ringer at 0° C. 
Aliquo~s were assayed forthwith and at 45 min intervals after incubation 
at 0,  20. 25, and 30° C; all assays were by the first (kinetic) method at 
20° C.  Progressive inactivation with time, marked even at 20° C,  became 
precipitous at higher temperatures, indicating a thermal Jability so great 
as to render these methods quite unsuitable for the frog. Latent molecular 
differences may thus prevent comparisons of tissues in different species. 
This study was supported by the Muscular Dystrophy Group of Great Britain. 
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The  characteristic exercise hyperaemia of skeletal 
muscle  is superimposed  upon  a  resting blood  flow  that 
varies according to  the  type  of muscle.  Soleus muscle 
has  a  high  resting flow  in comparison to  fast  twitch 
muscles  and  thus  the hyperaemia  of exercise  in this muscle 
does  not have  the  dramatic  percentage  increase  seen in 
fast muscle.  The  consistent  release  of ATP  at rest and 
the  augmentation of release  during stimulation provided 
further evidence  linking metabolic  events  and  local 
blood  flow  control by ATP. 
90 [From the Proceedings of the Physiological Society, 21-22 March 1975] 
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Functional hyperaemia in soleus muscle of the cat 
91 
By T. FORRESTER  and 1. J. D. HAMILTON,  Institute  of Physiology,  Uni-
versity of Glasgow, G12 8QQ 
Blood flow through the soleus muscle of the cat has a resting value 3-4 
times greater than that through fast muscle, and functional hyperaemia 
is reported to be reduced (Folkow &  Halicka, 1968; Hudlicka, 1968) and 
sometimes absent (Hilton, Jeffries & Vrbova, 1970). It  is generally accepted 
that alteration in local chemical environment is responsible for functional 
hy'peraemia,  therefore  it  was  of interest  to  examine  further  certain 
characteristics of the soleus vascular bed. 
In heparinized cats anaesthetized with intra-peritoneal sodium pento-
barbitone, the soleus blood supply was isolated. The femoral  vein was 
cannulated and the venous outflow from soleus was passed through an 
integrating drop counter and then recycled proximally into the femoral 
vein. Blood pressure was monitored via a cannula in the common carotid 
artery.  The  muscle  was  held  isometrically.  Supramaximal  pulses  of 
1 msec duration were applied to the soleus nerve at frequencies of 1-20 Hz 
for  periods  of  1 min.  After  each experiment Naphthol  green dye was 
injected to confirm the selective perfusion of soleus. 
The resting flow  (n  = 6)  was 34 ml./l00 g. min (±  S.E.  3'8) and during 
stimulation at 1,  5,  10 and 20 Hz was found to be 38  (±  3'7), 39 (± 2·0), 
45  (±  3'7)  and 57  (±  6·6)  respectively. It is  concluded that the soleus 
muscle has a  high resting blood flow and a reduced functional hyperaemia 
in agreement with previous workers.  Close  arterial infusion at 1 ml./min 
of  10 p:\I-ATP,  adenosine  and  NaH2P04  into  soleus  muscles  (n  =  6) 
produced a  2·1 (±  S.E.  0·34),  1·6 ( ± 0·17) and 1·4 ( ± 0·26) increase in flow 
(x resting flow)  respectively.  Finally, samples were  collected from  the 
soleus muscle perfused ",ith blood or an oxygenated Krebs solution.  All 
blood samples were collected into melting ice and centrifuged at 25000 {J 
for  1 min.  The  cell-free  plasma was  assayed for ATP using a  modifica-
tion of the firefly technique  (StrehleI' & McElroy, 1957).  ATP levels in 
plasma (n =  8)  were:  resting, 0·07 pM  ( ±  S.E.  0'04)  and during stimula-
tion  at  10 Hz,  0·3 pM  (± 0'05);  this  difference  is  probably significant 
(0·05 > P  > 0·01). Corresponding values for muscles perfused with Krebs 
solution (n = 12) were 0·9 JiM ( ±  0·26) and 1·8 pM  ( ± 0'48); this difference 
is not significant. 
The lower levels  of ATP detected in plasma could be due to surface 
ATP-ase activity of R.B.C.S  (Parker, 1970)  and the higher levels in the 
Krebs perfusate might result from the release of ATP by hypoxic muscle. 
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In conclusion, as the soleus blood vessels are sensitive to ATP, could a con-
tinuous release of ATP by soleus account for its high resting blood flow 
and the reduced functional hyperaemia result from only a moclest increase 
in the release of ATP? 
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Much  of the work  published  in papers  5 & 6 was  verified 
in the whole  body  exercise  experiments  of Parkinson  (1973). 
With  the  realization that ATP  could  exist in the  plasma for 
a  short time it was  necessary  to  obtain further information 
about  the  rate of its neutralization as  a  vasodilator.  Much 
information already existed  in the  context  of platelet 
'clumping'  and  the  effects  on  the  clotting process  of ADP. 
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The  conclusions  from  this  short  study  could have  signficant 
bearing  on the  clotting procedure  in pathological circumstances. [F1'01n  the Proceedings of the Physiological Society, 21-22 February 1075) 
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Fate of adenosine triphosphate in human plasma 
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By T. FORRESTER and L. M.  MORRISON.  Institute of  Physiology, University 
of Glasgow, Glasgow G12 Q8Q 
:Mills  (1966)  demom;t.rated that ATP was primarily depyrophosphory-
lated (ATP -+ AMP +  pyrophosphate) when added to human plasma. He 
also  showed the presence of a  secondary pathway in which ATP was 
dephosphorylated to ADP. Although much ,york has focused upon the 
break  -down of ADP in plasma (Ireland  & Milis, 1964; Mills, 1966; Holmsen 
&  Holmsen, 1971), little attention has been paid to the reaction ATP-+ 
ADP +  phosphate. It was of interest to initiate a study of the kinetics of 
this  pathway,  since  ATP  has  been  detected  in  human  plasma  after 
exercise (Forrester & Lind, 1969; Parkinson, 1973). 
The conversion of ATP to ADP was followed  using a  modified'tech-
. nique of Marsh  (1959).  Phosphate released during the reaction  can be 
monitored without any interference from the presence of  ATP, ADP, 4-\1,IP 
or pyrophosphate.  A  0·2 ml.  volume of ATP in concentrations ranging 
from  0·16  to  S·5/tM  was  added to  1 ml.  human plasma at 37° C.  The 
reaction  was  terminated  at specified  times by the  addition  of 7·3 ml. 
ice-cold Krebs solution; the plasma proteins were then precipitated by 
addition of 1·5 ml. 12 %  trichloracetic acid. The standard Marsh procedure 
was thon adopted, except that centrifugation of the sample just prior to 
optical measurement was carried out to eliminate residual turbidity. 
It  was found that phosphate appearance reached I),  peak rate at 2 min 
after addition of A'rp to the plasma. Subsequently the concentration fell 
until, in some cases, there was clear evidence of phosphate uptake; there-
fore  the first.  2 min were  taken to assess  the kinetics of the reaction. 
It  exhibited a simple Michaelis-Menten relationship up to a concentration 
of 10llM ATP. Beyond this the kinetics became complex. The apparent 
]{m  for  ATP  ranged  from  0·5 to  21m, while the  Vrnax  range was  6·4-
14 n-molesJmin. 
Two main conclusions arise from this study. First, the reaction ATP-+ 
ADP + P042- is probably not responsible for the levels of ADP found in 
plasma after exercise (Parkinson, 1973). Secondly, it has been shO\vn that 
ADP  causes  clumping  of  blood  platelets  (Gaarder,  Jonsen,  Laland, 
Hellem  &  Owren,  1961)  when  added to plasma in  a  concentration  of 
0'5Il'JI  (Born & Cross, 1903); the depyrophosphorylation pathway clearly 
avoids any dangerous accumulation of ADP which would predispose to 
intravascular clotting. 
L.M.l\I. is grateful to the Physiological Society for a  grant from the Dale Fund. 
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Commentary  - paper 12. 
This  short abstract resulted  from  a  brief discussion 
between the author and Dr.  Murray  Harper about  five  years 
prior to  the  commencement  of the  project.  It seemed  a  very 
unlikely prospect that ATP  injected into  the  carotid artery 
would have  any  effect upon  the cerebral blood vessels.  In 
order to  investigate  the  possible  involvement  of ATP  in 
the  local control of cerebral blood  flow  the  substance  would 
have  to  be  applied to  the  outside  of the  resistance vessels 
- quite  a  sophisticated procedure  was  necessary.  However the 
intracarotid experiment  was  easy  to  perform  and  would  quickly 
verify that ATP  did not  cross  the  blood-brain barrier.  No 
effect  on  cerebral blood  flow  was  anticipated.  It was  with 
some  disbelief that the  results  reported  in this abstract 
were  received.  The  seeds  of  'mens  sana  in corpore  sano' 
had  been  sown  and would not  reach  the  published  page until 
1979. 
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Effects of intracarotid adenosine triphosphate infusions on cere-
bral blood flow and metabolism in the anaesthetized baboon 
By  '1'.l!'ORRESTER,  A. M. HARPER  and  E. '1'. lVhcKENZIE.  Institute  of 
Physiology, University of  Glasgow, Glasgow 012 8QQ, and Wellcome Surgical 
Research Institute, University of Glasgow,  Garscube Estate, Bearsden Road, 
Glasgow G611QH 
Roy & Sherrington (1890) proposed that'  the chemical products of cere-
bral metabolism contained in the lymph ...  can  cause variations of the 
calibre of the cerebral vessels'.  Adenosine triphosphate (ATP) has been 
implicated in the local chemical control of muscle blood vessels (Forrester, 
1972),  and its release  from  stimulated  peripheral  and  central nervous 
tissue has been reported (Abood, Koketsu &  Miyamoto, 1962; Kuroda & 
McIlwain, 1974). We have examined the response of the cerebral vascula-
ture to intra  carotid infusions of ATP. 
The studies were carried out in anaesthetized baboons maintained at 
normocapnia.  Full details of the  anaesthesia  and  the measurement  of 
cerebral blood flow  (CBF)  by the 133Xe  clearance technique have been 
reported elsewhere  (Deshmukh  &  Harper,  1973).  Cerebral  oxygen con-
sumption (C:MR02)  was calculated as the product of CBF and the arterial 
and cerebral venous (superior sagittal sinus)  oxygen content difference. 
ATP was infused (1  ml./min) into one internal carotid artery at 37° C. 
A  dose-dependent  relationship  was  established  between  the  infused 
concentrations of ATP and CBF (Table 1). Arterial pressure was reduced 
slightly and no changes in Pa• co. were noted during ATP infusion. 
It  is interesting that systemic ATP can have effects beyond the blood-
brain barrier. This is supported by the finding that ATP increased C:MR02 
in a dose-related manner. Evidence that extracellular ATP can stimulate 
the metabolism of  ortical tissue in vitro has been provided by Sattin & 
RaIl (1970). 
TABLE  1. Cerebral blood flow and oxygen consumption during ATP 
infusions in five baboons. Figures presented are mean ± S.E.i)!' 
ATP (moles/min, intracarotid) 
r------------~A~--------____  ~ 
Base line  10-9  10-8  10-7  10-6 
CBF (ml./l00 g.  min)  49±11  66±11  71±13  94±24  11(i±10 
.p <  0·05 P  <  0·01  P  <  0·05 P  <  0·001 
Cl\IR02  (m!. O2/100 g. min) 2·9 ± 0·3  3·2 ± 0·5  3·4 ± 0·4  4·3 ± 0·7  4'5 ± 0·5 
P  =  N.S.  P  =  N.S.  P  <  0-05  P  <  0·01 
•  By Student's paired t·test (base line vs. ATP infusion).  N.S.  =  not significant. 
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It would appear from this study that ATP is  a  more potent cerebral 
vasodilator than adenosine (Berne, Rubio & Curnish, 1974) when compared 
on a  equimolar basis.  Our findings  would support the hypothesis that 
adenine nucleotides have some role to play in the control of local cerebral 
blood flow. 
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This  paper has  been  included  in the  assembly  to  emph-
asize  the  importance  of techniques  in the  measurement  of 
small  concentrations  of ATP.  We  had  noted that previous 
work  always  included  the  use  of perchloric acid for the 
extraction of the nucleotide  and  nucleoside material. 
Some  criticism was  extended by  these  workers  who  doubted 
that ATP  was  released  in such  low  concentrations  (see  paper 
for references).  This  paper demonstrated that they  could not 
detect these  small  amounts  for  two  reasons.  First,  the 
perchloric acid desensitised the firefly extract to  ATP 
and  secondly,  ATP  was  adsorbed  to  the  perchlorate precipitate 
upon neutralization. 
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Loss of ATP in Micromolar Amounts 
after Perchloric Acid Treatment 
CAROLE WILLIAMS and THOMAS FORRESTER 
Department of Physiology, St. Louis University School of Medicine,  1402 South Grand Boulevard, St. Louis, Missouri 63104.  U.S.A. 
Summary 
Treatment  of  fluid  samples containing  known 
amounts  of  ATP  Ylith  6.0  N perchloric acid  (PCA) 
results in a  total loss of  65-71%  Ylhen  the 
initial concentrations  of  ATP  ranged  between 
0.5  to  SO  llN.  Half  of  this loss was  attributed 
to  desensitization of  firefly extract 
(ll.lciferin-luciferase reaction)  while  the 
remaining  loss was  presumably due  to adsorption 
of  ATP  to  perchlorate precipitate upon  neutrali-
zation.  Similar  treatment  of  solutions with 
higher  initial concentrations  (100-1000  llM) 
resulted  in apparent  total losses averaging 
22%.  These  losses were  due  solely  to desensi-
tization of  firefly extract  by  neutralized  PCA. 
Both  the adsorption and  desensitization 
phenomena  must  be  taken  into account  when  the 
ATP  content  is measured  from  tissue  extracts 
and  fluid  samples  subjected  to  this  procedure. 
ATP,  perchloric  acid,  luciferin-luciferase 
reaction. 
The  release of  ATP  from active skeletal and  car-
diac  muscle and  its  lev~l  in  plasma  during  normal 
and  hypoxic  conditions  has  been  related  to  the 
degree of  vasodilatation round  in  those  tissues 
(5,  6,  12).  However,  others have  disputed  this 
relationship,  ascrihing  the vaso,'ilator function 
to  adenosine,  since  they  have  consistently failed 
to  find  ATP  in  plasma  (1)  and  tissue perfusates 
(I,  9).  The  experiments  reported  here  show  that 
the  procedures used  by  those workers  to  identify 
and  quan t if  y  ATP  in  pIa sma,  t issue  per fusa tes, 
and  tissue  extracts  (2,  3,  4,  8,  11)  in fact  e-
liminate a  substantial  proportion  of  ATP. 
A method  commonly  used  to deproteinize bio-
logical  tissue and  fluid  samples  involves 
treatment  with  perchloric  acid  (PCA)  following 
neutralization of  the  extract  with  KOH. 
Recently  (lO"  it  was  [cported  that  a  signifi-
cant  loss  (40-A07)  of  ATP  occurred  when  the 
acidified  sample  Has  titrated v.'ith  KOII  to  the 
phenolphthalein  end-point;  this  loss  was 
attributed  to  adsorption  of  ATP  to  the  potassium 
perchlorate  precipitate.  It  is  interesting  that 
this  phenomenon  had  been  previously  noted  by 
Berne  (1)  who  presumed  that  the ATP  was  adsorbed 
to  the  precipitated  protein.  Since  the 
perchloric acid  technique  has  been used  in 
the  preparation of  samples  fo~ adenine 
nucleotide estimation,  and  since  the  luciferin-
luciferase reaction is Widely  used for  the 
direct  estimation of  ATP  following  this pro-
cedure,  it seem,ed  important  to verify and 
extend  this finding  (10). 
All  levels  of  ATP  reported  here were  quanti-
fied using  a  modification  (5)  of  the  luciferin-
luciferase  technique  devised  by  Strehler and 
McElroy  (13).  It was  found  that  ATP  estimations 
from  samples  treated with  PCA  are substantially 
underestimated  due  not  only  to adsorption of 
ATP  to  the precipitate but also  to  the altera-
tion in the sensitivity  of  the assay  procedure. 
Figure  lA  (open  columns)  indicates  that  the 
apparent  loss  of  ATP  was  65-70~  (mean  68%  ± 
1.7)  Hhen  ATP  is mixed with  PCA  and  this 
mixture neutralized.  This  represents  the 
amount  lost  due  to  both desensitization of 
the firef ly  extract  and  adsorption of  AT»  to 
potassium  perchlorate precipitate.  The 
proportional  amount  lost  remained  constant 
irrespective  of  the  initial concentration of 
ATP  over  the  range  0.5-2.5  ~N.  In  order  to 
determine  the  pr,)portional  loss  due  to  ads.)rp-
tion of  ATP  to  potassium  perchlorate  preci-
pitate,  the  effect  of  desensitization of 
firefly extract alone  was  measured  by  two 
methods.  Solut ions  of  ATP  were  mixed  with 
neutralized  PCA  following  the  removal  of 
potassium  perchlorate precipitate and  then 
assayed.  This  resulted  in a  35%  ± 6.3  loss  of 
ATP  and  is  indicated  in Figure  1A  as  the 
difference  betlveen  the  heights  of  the  open 
and  black columns.  Desensitization was 
independently verified by  mixing  the  firefly 
extract with  neutralized  PCA  before  the 
addition of  pure  ATP  samples.  It  was  possible 
to  determine  the  loss attributed  to adsorption 
of  ATP  to  the  precipitate  (Figure  lA  black 
columns,  mean  33.2%  +  6.1)  by  taking  the 
difference  between  t~e % total  loss and  the 
% loss  due  to  desensitization.  This  con-
firmed  the  losses  previously  reported  (10). 
Note  that  while  the  percentage  lost  due  to 
adsorption declined  steadily as  the  concen-
tration of  ATP  in~reased  up  to  2.5  ~M. 282 
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Fig.  1:  Influence of  concentration and  pH  on 
loss  of  ATP  in solutions  treated with 
perchloric acid.  A.  Open  columns, 
total percentage loss  of  ATP  treated 
with perchloric acid  (PCA)  and assayed 
on firefly extract.  Black columns, 
percentage  loss due  to adsorption of 
ATP  to  potassium  perchlor~te preci-
pitate.  Difference  between black and 
open  columns  is due  to  desensitization 
of  firefly extract  in presence  of 
neutralized  PCA.  Total  loss deter-
mined  by  treating  4  ml  samples 
containing  0.5-2.5  ~M ATP  with 0.2 ml 
of  6.0  N  PCA.  Solutions were  neutra-
lized  to  pH  7.1  +  0.2  using  7.5  N  KOH 
containing  50  m!-1-K2HP04 ;  usually  280-
300  ~l  were  sufficient  for  neutrali-
zation.  Samples  were allowed  to stand 
on  ice for  10 min  to facilitate pre-
cipitation of  potassium  perchlorate 
and  then were centrifuged  for  5  min 
at  2000  x  g;  0.2 ml  supernatant  WdS 
added  to  0.2  ml  firefly extract 
(Sigma  t.ype  FLE-50)  and assayed  using 
a  modification  (4)  of  the tt _hnique 
devised  by  Strehler  & McElroy  (14). 
The  standard  solutions used  for  assay 
were  not  treated with  PCA_  Percentage 
loss  due  to  desensitization was  ob-
tained  by  mixing  equal  volumes  of 
ATP  solutions with  previously  neutra-
lized  solutions  of  6.0  N  PCA;  0_2  ml 
of  this mixture  was  assayed  on  firefly 
extract.  Standard  solutions used  for 
assay  were  treated with  PCA;  n=4  for 
each  concentration  tested_  Bars 
represent  one  standard  deviation. 
B.  Effect  of  end-pc int  pH  on  percen-
tage  loss  of  ATP  from  solutions  treated 
with  PCA.  Solutions  of  1  ~N ATP  were 
treated  with  6_0  N  PCA  as  before;  pH 
adjusted  to  the  values  indicated  with 
7.5  N  KOH  containing  50  I1L'1  K2HP04' 
Assay  conducted  on  firefly  using  four 
standard  curves  corresponding  to  each 
pH  range;  n=4  for  each  range.  Bars 
represent  one  standard  deviation. 
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Slope  of  the  line  computed  by  linear 
regression. 
(Figure  lA  black  columns),  these  losses were 
not  negligible at  ATP  concentrations greater 
than  1  ~M as  previously  reported  (10).  Also, 
the addition of  K2HP04  to  the  reaction as 
recommended  for  the  prevention of  ATP  adsorp-
tion  (10)  did  not,  in fact,  do  so at  initial 
ATP  concentrations  in  this  range.  EXperiments 
performed  using  the  same  procedures  outlined  in 
Figure  1  with  higher  initial concentrations  of 
ATP  (  5-50  ~H)  indica  t ed  tha t  the average  'loss' 
(i.e.  due  to adsorption and  firefly desensiti-
zation)  amounted  to  71.1%  +  7.9  so  that  the 
absolute  loss  was  dependent  on  the  initial 
concentration_  However  at  initial concentrations 
of  100-1000  ~N,  the  total  loss was  only  21-9% 
± 5_9  and  was  due  solely  to desensitization of 
the assay  reaction.  This  result  probably  indi-
cates  that  adsorption  has  reached  a  saturation 
point. 
In order  to  define whether  neutralization  played 
a  critical role  in  the assessment  of  ATP,  the 
end-point  pH  was  varied.  Figure  IB  indicates 
the  apparent  losses  over  the  pH  range  6.4-10.7. 
The  highest  recovery  Has  observed  with  solution 
at  pH  7.2.  Figure  2  indicates  the average 
amounts  of  ATP  Ilost l  from  treating  solutions 
containing  initial ATP  concentration of  0.5-
1000  ~N with  perchloric  acid and  assayed  by  the 
1uciferin-luciferase reaction.  The  linear 
relationship  demonstrates  that  the  total  loss of  ATP  increases with  the initial amount  of  ATP 
and  when  the anticipated amount  of  ATP  in a 
sample is approximately  1  mH,  an average of  only 
177  + 82  \.1H  will  remain undetected.  Therefore 
such-treatment of  samples with ATP  content  in 
this range will allow sufficient  quantit~es of 
the  ~ucleotide to  remain for detection by  the 
1uciferin-luciferase reaction. 
These  findings  are particularly relevant  to  the 
problem of  ATP  detection in tissue perfusates, 
and  hence  to the possible function of  ATP  as a 
local vasodilator.  In cases  where  PCA  has  been 
used as a  deproteinizing agent  no  ATP  was  detec-
ted either in plasma  (1)  or  tissue perfusate 
samples  (I,  9)  while  in samples which had  not 
been  trea ted with  PCA,  ATP  was  readily measured 
(5,  6,  7,  12). 
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Received July  9,  1976 Commentary  - paper 14. 
The  following full  paper extended  our knowledge  of the 
behaviour of myocardial  cells  in response  to hypoxia.  The 
instant release  of ATP  in response  to  hypoxia was  clear. 
Also,  the reversibility of the  response  was  one  indication 
of cell viability.  A  discussion of other evidence for cell 
viability is presented  in paper 21. 
Paddle  & Burnstock  (1974)  had  previously detected ATP 
in the  coronary  sinus effluent from  hypoxic  hearts  perfused 
in the Langendorff mode.  They  could not  determine whether 
the  ATP  had  as  its source  the  myocyte  or nervous  tissue, 
but  suggested  that  'purinergic'  nerves  may  be  the  source. 
This  work  showed  that at least  one  source  was  the  hypoxic 
myocyte. 
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SUl\ll\IARY 
1. Adult rat heart cells were isolated enzymically and ATP was identi-
fied in the cell suspension using the firefly luminescen~e technique. Adeno-
sine 5'  -triphosphate (ATP) was not detected from cell suspensions obtained 
from hearts which had been left asystolic for 10 min. 
2. It  was found that ATP 0'34 ± 0·22 p:lI/mg protein ,vas released by cells 
kept in an oxygenatcd  condition, while ATP 1·28 ± 0·41 p~I/mg protein 
was initially released by cells made hypoxic. 
3. Addition of Ca.2!- in a  concentration of 2 nnl caused cells to initially 
extrude ATP 0·40 ± 0·14 pM/mg protein. This was attributed to an ino-
tropic effect. 
4.  Extracellular ATPase activity in the fluid suspension was partially 
characterized, giving a  ](m of 13/0.1 and a  V/2  of hydrolysed ATP  18·3 
fll\I/min at 37° C.  QIO  was found to be 4 between 25 and  37° C.  Enzyme 
activity remained unaffected by either hypoxic conditions or ouabain. 
5. If  these amounts of ATP are released from myocardial cells rendered 
hypoxic in vivo,  then it must be conduded that ATP plays a  principal 
role in the local control of myocardial blood flow. 
6. It is  proposed that release of ATP occurs through the sarcolemma 
from  an  intracellular  pool,  and  that alteration  of the  configuration of 
structural membrane protein controls t.he amounts of ATP extruded. 
Il\TRODUCTIO~ 
The search for  underlying mechanisms of coronary vasodilatation in 
response to an increased myocardial work load was initiated many years 
ago (Barcroft &  Dixon,  1907; Wiggers,  1909; Cow,  1911; Markwalder & 
Starling, 1913) and remains the subject of intensive invest.igation. It has 
become (·lear that the resistance of the coronary vasculature is regulated 105 
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by the metabolic demands of the tissue and it is most probable that the 
primary stimulus  comes  from  the  lowered oxygen tension  in the fluid 
environment of the  myocardial  cells  (Hilton  &  Eichholtz,  1925).  It is 
postulated that the cells release sllbstances which cause local blood vessels 
to dilate,  allowing  delivery of more oxygen to the  tissues.  l\Iany sub-
stances have Leen implicated in the role of local vasodilator (see review by 
Berne,  1964) but none seem to fulfil  the role  completely, either on the 
basis of potency or of actual amounts detected in the coronary effluent 
blood.  The  widely  accepted  adenosine  hypothesis  proposed  by  Berne 
(1963) has recently had doubts cast upon it by the work of Afonso, Ans-
field,  Berndt  &  Rowe  (1972).  They have shown that aminophylline,  a 
drug which inhibits the coronary vasodilator action of adenosine, had no 
influence on the response of the coronary circulation to hypoxia. 
Adenosine 5'  -triphosphate (ATP) has been long considered as a  candi-
date for local vasodilatation in the coronary circulation (Drury & Szent-
Gyorgyi,  1929;  Folkow,  1949;  Winbury,  Papierski,  Hemner  &  Ham-
bourger, 1  fl53). Many attempts have been made to detect this substance 
in the coronary effluent blood, but it is not surprising that these attempts 
have failed, since erythrocytes (Parker, 1970), plasma (Mills, 1966; Holm-
sen  &  Holmsen,  1971;  Forrester  &  Morrison,  1975)  and  extracellular 
ATPases in the myocardium (Williamson & DiPietro, 19(5) are all capable 
of rapidly  degrading exogenous ATP.  Another important,  though  less 
well defined, consideration might be the binding of ATP by nerve mem-
branes  (Abood  &  Matsubara,  1  fluB)  or other proteins, further reducing 
the amounts available for assay. Despite  these latter difficulties  Paddle 
&  Burnstock  (1974)  have been able to demonstrate  an  increase  in  the 
appearance of A'l'P in the coronary sinus effluent of perfused guinea-pig 
hearts whenever the myocardium was rendered hypoxic. It was, however, 
uncertain  us  to whether  the ATP  came from  nerves,  vascular smooth 
muscle or myocardial cells. 
In the present work the use of isolated heart cells  confers some advan-
tages over the perfused heart preparation. There is no danger of contamina-
tion from the blood elements, the A'fPuses present in the blood stream 
are eliminated, no nerves are present in the medium and no circulating 
hormones can influence the metabolism or performance of the cells. The 
extremely high ratio of surrounding fluid volume to cellular volume pro-
vides satisfactory conditions for oxygenation. Also,  no alteration in the 
fluid  volume occurs after rendering the cells  hypoxic, thus avoiding the 
problem with intact hearts of having to estimate amounts of ATP coming 
from a vascular bed which is continuously dilating in response to hypoxia. 
Therefore the opportunity was provided to test the fluid environment for 
the prest·nce of ATP, cstnbli  .  .,hing the myorardial cells as the soure£', and RELEASE OF A'l'P FROJ.lI  HEART CELLS  313 
to assess whether any change took place in the ATP concentration in 
response to hypoxia without the attendant complications of a  perfused 
whole heart preparation. 
:METHODS 
Isolation oj cells 
Vcntriculal- cells ,\\'el'e enzymatically isolated from hearts of adult rats according 
to thc method devised 1;>y  Vahouny, \Vci, Starkweather &  Davis (1970) and modi· 
fied by C. A. \Villiams and A. H. Gold (unpublished). Male Sprague-Dawley rats 
(175-200 g) were decapitated, their hearts removed and placed in ice-chilled bicar-
bonate-phosphate buffer within 1 min. The buffer contained (in ImI): NaCl,  116; 
KCl,  5-3;  NaaHP04.2H20, 1·9; NnH2P04.HzO, 0-5; NaHC03 ,  4-2;  and glucose, 
5·5 (see DeHaan, 1967). The osmolarity was adjusted to 285-289 m-osmole/!. with 
sucrose.  Before  the  isolation  procedure,  the  buffer  was  equilibrated  with  950/0 
02: 5 % CO 2  (referred to as oxygenated buffer) by bubbling for 45 min at room 
temperature and the final pH adjusted to 7·4 ± 0·05 with  1 N-N'aOH.  The atria 
were cut away and the ventricles cut from  base to apex with a  scalpel. washed 
repeatedly with fresh buffer and then cut into pieces averaging 3-5 mm3 in size. The 
minced tissue was transferred to l\ polyethylene EI'lenmeyer flask containing 5 ro!. 
buffer with 0·1 % trypsin, 0·1 %  collagenase and O·:? u insulin/ml. In addition, this 
digestion mixture was supplemented with bovine serum albumin (BSA) 5 mg/ml., 
since it  was shown by  Kono (1969) that enzymatically  isolated fat cells regained insulin 
sensitivity upon incubation with bovine serum albumin. 'l'he contents of the flask 
were agitated with a  vortex mixer for 10 sec and then dige:<t;-d at 32' C under l\ 
humidified atmosphere of 95% 02:5%C02 in a  shnker bath at 100 strokes/min. 
After 17 min the supernatant was discarded, the tissue mince washed with enzyme-
fl'ee buffer and the digestion continued in sllccessive 17  min  periods for the next 
1-2 hI' in bovine serum albumin-supplemented buffer containing 0·1 %  trypsin and 
0·05 % collagenase. Freed cells wero collected beginning with the thir·d digestion 
period with this combination of enzymes and continued for the next 70 min (four 
consecutivo dige::stion periods). Cells were obtained by centrifuging the supernatant 
from the digestion mixture combined with the enzyme.free buffer used for washing 
the tissne mince at 50 y for 3 min at 0--4
0  C. The supernatant from centrifugation 
was discarded and each aliquot ot packed cells was re-suspended in enzyme-free 
buffer supplemented with bovine serum albumin and insulin and stored at 0_4
0  C. 
Each new aliquot of  collected cells was re-suspended and then added to the  ~re\'ious 
ones for storage. It was previously determined that 20--30 I}~ of the isolated cells 
were beating (C. A. Williams and A. H. Gold, unpublished). 
Oell-suspension mewwrement8 
. The ATP present in the fluid bathing samples of re-snspended cells was measured 
by using the luciferin-Iuciferase reaction (see StrehleI' &: McElroy, 1957) as modified 
by Forrester (1972). The total population of isolated cells kept in oxygenated buffer 
was divided into two after gently inverting the polyethylene collection tube two or 
three tinH's and transferring half the \'olume to another tube. Both tubes were then 
centrifuged at 50 g for 3 min at 0_4
0  C.  Supernatant fluid from this centrifugation, 
whether the total population of cells was divided or not,  is  termed  'suspension 
fluid'. One of the ali(plots was re-sl1spe-nded in a volume of  fre-~h oxygenated buffer 
at 37
0  C and sen'cd us the control, while the other aliquot wus re-suspended in an 
oqual volume of buffer equilibrated with 100 ~{, N 2' pH 7·4, referred to as 'nitrogen 
huffer'. A  0·2 IIlI  nliqlwt of re,sllspPIHIC'cl  eplls ill  pith"r condition  WitS remon'd Ht 
106 107 
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various intervals and added to 0,2 m!. firefly tail crude extract (Sigma Chemical Co. 
FLE·50). Five to six seconds elapsed between the addition of cell samples to the 
firefly extract and the application of 1225 V to the photomultiplier tube. ATP con· 
centration was determined  by cOlllparing the intensity of the initial light signal 
caused by the addition of cells to the firefly tail extract to that caused by known 
amounts of AT!> (Sigma, crystalline, disodium 'Sigma Grade'). 
CalC1llation oj percentage loss oj AT  P jrom each cell. Experimentally the amount 
released was found to be 10-15 mole/min from each cell exposed to hypoxia; t}lere-
fore the number of molecules released per minute = 6·02 x 1023 X  10-10  = 6 X  108• 
Calculation of intracellular amount assumed a  cell concentration of 5 mJlI  ATP = 
5 x 10-6 X  10-12 mole/p,m3•  Assuming a  cell volume of 20 x 20 x 100 = 4 x  10~ p,m3, 
the number of  molecules ofATP per cell = 1·2x 1011. 
AT  P  levels jollowing rapid remQval oj cells. After a  basal level of ATP extrusion 
had been established (see Fig. 2) a  0·4 ml aliquot of suspended cells was centrifuged 
in a Microfuge (10,000 g)  for 10 sec. 'Within 6 sec following the end of centrifugation 
0·2 m!. supernatant was removed and tested for ATP levels.  ' 
Correctionjor variation in cell population. Tott~l protein was determined on aliquots 
of homogenized cells by the Lowry  (1951)  method using bovine serum  albumin 
(Sigma, Fraction V) as the standard to correct for variations in the cell population 
between oxygenated and nitrogen buffer fractions from each digestion and for slight 
variations in the number of cells yielded from one digestion to another. 
Calciwn experiments, The same procedure as above was followed in a  series of 
experiments in which the effect of the addition of 2 m:II-CaCI2  to cells kept in an 
oxygenated environment was studied. Cells were re-suspended in equal volumes of 
oxygenated buffer and oxygenated buffer +  Ca2+. 
EDT  A  experiments. One millilitre aliquots of cells were incubated at 37° C in the 
presellce of 0, 5, 25, 50, 100, 200 and 2000 p,M ethylenediaminetetra.acetate (EDTA) 
and the amount of ATP released was measured. 
Apyrase test. Aliquots of cells were SUbjected to the apyrase test as described by 
Forrester (1972) in which 4 mg apyrase (Sigma, Grade 1) was incubated with 1,0 m!. 
of re-suspended cells for 5 min at 30° C. ATP signals following this reaction were 
compared to those elicited by cells kept at 30° C for 5 min without apyrase. 
Alteration  oj oxygenated  anel  hypoxic  environments.  Another  variation  of this 
procedure ,~as carrier1  out such that the total population of cells was again divided 
into two fractions, A  and E, one being resuspended in the nitrogen buffer at 37° C 
(A fraction) while the other was resuspended in fresh oxygenated buffer (E fraction). 
The amonnt of ATP released from cells in both samples after 0-2 min of resuspen-
sion was measured and then the nitrogen buffer fraction was centrifuged at 50 g 
while  the oxygenated  buffer fraction  remained  suspf'nded at 37
0  C.  The  packed 
centrifuged cells  were then suspended in oxygenated buffer which had  the  same 
"Volume  before centrifugation, and  the  ATP  released  from  both  fractions  was 
measuI'ed,  Cells  from  fraction  A  were  recentrifuged  and  then  taken up  in  the 
nitrogen buffer again to the same volume before centrifugation. Resuspension of A 
cells in the oxygenated buffer was also rcpeated, 
Extracellular A 7'Pase activity 
Cell·free suspension fluid was derived from the centrifugation at 50 g for 3  min 
of the total isolated cdl population wltich hurl bl·ell stored for at least 30 min at 
0-4
0  C.  The ATPase activity was  determined by measuring the decrease  in  the 
initial intensity of  light signals caused by known amonnts of ATP, ranging from 0,5 
to 50 P,)f, which had been added to cell-free suspt:nsion fluid. Equal volum('s (0·5 mI.) 
of undiluted sLispension fluid and ATP standards were mixed and maintained at 108 
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0-4
0  C; 0-2 ml. aliquots of this mixture were removed at 30 soc, 2, 5, 10 and 15 min 
and tho ATP signal measured as described abm;e. The ATP signal in millivolts was 
converted to micromolar concentrations and then plotted as a function of time. 'll1e 
rate of  hydrolysis of ATP was calculated as the change in ATP signal from the initial 
slopes of the degradation curves for a  specific time interval and then expressed as 
101 ATP hydrolysed per hour. Michaelis-Men  ten curves describing the re~ationship 
between rates of hydrolysis and initial ATP concentrations were made. Similar 
reactions were carried out at 37° C with the suspension fluid diluted tenfold before 
the addition of  ATP. 
Ouabain experiment8.  The effects of adding various concentrations of ouabain 
(E. J. Lilly) to the slIspension fluid before the addition of ATP standards was per-
formed for both the oxygenated and anoxic conditions. Mixtures of ouabain a.nd 
suspension fluid were allowed to stand at 37° C for 10 min prior to the addition of 
ATP. ATPase activity was then determined as described abovo. 
RESULTS 
Release of A T P from heart cells 
\Vhen a  suspension of isolated cells was added to firefly tail extract a 
light signal of considerable magnitude was always detected, while sus-
pension fluid without cells did not elicit a  signal. Fig. lA illustrates a 
typical light signal produced by cells which had been suspended in oxy-
A  B 
I  0-25 )iH/mg protein  1  l  1-03 )JH/mg  protein  1 
I 
12 sec 
Fig. 1. Emission oflight from firefly lantern extract upon addition of cells 
re·suspended in either; A, oxygenated; or E, nitrogen·equilibrated buffer 
solution. Both buffers at pH 7·4; t. power supply to photomultiplier tube 
switched on; ~, power switched off. Each of the signals represent the ATP 
extruded after cells had been in contact with l-espectivo buffer solutions for 
30 sec at 37° C. 
genated buffer for 30 sec at 37
0  C and is equivalent to ATP 0-25 p;~I/mg 
protein. In every case the light signal rccorded showed a  peak 0-10 sec 
after mixing the sample with firefly extract; this ,vas followed by a gradual 
decline in light inter;sity. The latter response resembles one caused by 
solutions containing known amounts of pure ATP. The implication that 
ATP was the cause of the light signal produced by addition of cells to 
firefly extract was further supported by the results of the apyrase test. 
"Then oxygenated cell,; had been incuhated with the enzyme apyrase, the 109 
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light signal caused by the reaction with luciferin-luciferase was found to 
be decreased by 34 % in contrul'it  to the one causcd by cclIs  incubated 
without apyrase. This enzyme converts ATP to adenosine 5'  -phosphate 
(AMP) which does not elieit a light signal from the firefty extract. It  was 
concluded that the cells release A'l'P into the fluid medium. While it has 
recently been reported that no nucleotide triphosphate other than ATP 
can induce light emission by the luciferase reaction (Kimmich, Randles & 
Brand,  1975)  transphosphorylase activity may exist in the crude firefly 
extract preparation (Balfour & Samson,  1959;  Kimmich et  al.  1975) so 
that other triphosphates which  may  be  present in the  suspended  cell 
samples might cause a  light reaction. However, the other triphosphates 
must be present in concentrations ten times greater than A'1'P  for this 
light reaction to  occur  (Kimmich et  al.  1975).  '1'he  presence of bovine 
serum albumin in the suspension buffer did not in any way alter the extent 
of the signal, since the standard curve for ATP in the presence or absence 
of BSA was the same. 
A feature which was almost always present in the recorded signal was the 
'hump' in the time course of light production (Pigs. 1 and 3). This pheno-
menon, also noted in the data reported for plasma samples by Forrester & 
Lind  (19(i9)  and }'onester (1972),  may  be  due  to  the  combination  of 
transphosphorylases present. in the firefty extract, and the small amounts 
of other triphosphates in the cell  samples causing a  slow production of 
ATP. Attempts at generating ATP from  mixtures of adenosine 5'-pyro-
phosphate  (ADP)  and  AMP  by  pyruvate  kinase  and  myokinase  (see 
Kimmich et al.  J H75) failed to produce a hump in the resulting light signal. 
AT  P  levels after exposure of cells to  nitro(jPn. The signal in Fig. 1 B  was 
caused by cells introduced to hypoxic buffer for 3U sec at 37° C and repre-
sents ATP 1·031l1lIJmg protein. The extracellular ATP concentrations for 
cells  introduced to the hypoxic  buffer were always much greater than 
those for  cells  re-suspended  in  fresh  oxygenated  buffer  (also  note  this 
difference in Fig. 3). 
A summary of the differences in the amounts of ATP released by cells 
incubatE'Cl for various intervals in either oxygenated or hypoxic buffer is 
presented in Fig. 2.  The media of cells made hypoxic initially contained 
nearly four times as much ATP (1·28 ± 0·41 /olJmg protein) as those of 
oxygenatt~d cells  (0·34 ±  0·22 jI':IIJmg  protein).  The oxygenated cells  con-
tinued to release a constant amount of ATP leading to a constant amount 
in the mcdium cquivalent to 0·28 JlMJmg protein for at least 60 min of in-
cubation at 3io C.  In contrast, tho amounts of ATP released by the hy-
poxic ('ell  population "were  redueecl  loading to a  lower constant llledium 
level which nevertheless remained higher (0·45 jllIlJmg protein) than that 
observed  for  the  ('ells  maintained  in  the  oxygl'nntecl  buffer.  A  similar RELEASE OF ATP FROM lIEAET CELLS  377 
response has been noted by Paddle &  Burnstock (1974) who reported a 
threefold increase in the amounts of N.rP released after a  ~;5 min hypoxic 
period of perfusion in the guinea-pig heaH. Repeated periods of hypoxia 
produced successively decreasing levels of ATP. Th~  isolated cell system 
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Fig. 2. Amounts of ATP present in the mediu~  for gells in oxygenated 
(0 ) or nitrogen-equilibrated buffer  solution (0)  at 37° C. Difference between 
points at 1 min  of incubation  is highly significant  (0·001  <:' p  <  0'01). 
Cell population divided in half  such that each preparation served as its Own 
control. Each point represents the average from six determinations. Bars 
indicat~ ± 1 S.D. of  observation. 
permits this response to be expressed in terms of the output of ATP per 
individual celL It has previously been determined that each cell contains 
18·9 ng protein (C. A.  \ViHiams and A. H. Gold,  unpublished); therefore 
Over  the first  15 min of incubation at 37
0  C ATP '2'0 x 10-16 mol/oxy-
genated ceH. min were released in contrast to ATP 1·1 x 10-15 mol/hypoxic 
cell. min. It .can be CD Iculated that over a.  period of 1 min the release of 
N.rP from the total cell  population in the hypoxic state is 0'5 % of the 
total intracellular amount, while in the oxygenated state the proportion 
released is only 0·05 %. 
lIP III 
378  T.  FORRESTER AND C.  A.  WILLIAMS 
In order to exclude the possibility that dead cells were the source of 
ATP, rats were decapitated in the usual way and left to bleed out. The 
hearts were removed 20 min later when all circulatory and heart move-
A 
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Fig. 3. Emission oflight from firefly extract in response to a cell suspension 
exposed  alternately  to  hypoxic  and  oxygenated  buffer  solution.  A(a), 
signal after exposure to cells to hypoxic buffer; (b), response after cells had 
been  returned to oxygenated  medium;  (e),  response  when  returned to 
hypoxic buffer; (d), response when finally returned to oxygenated medium; 
note alteration in amplification.  B,  (a)-(d),  paired oxygenated controls 
matching the solutions tested in A. 
ments had ceased. Cells  were isolated in the usual manner, and the cell 
suspension in hypoxic buffer was tested on the firefly extract. The resultant 
signal was consistently smaller than that given by t he firefly extract plus 
buffer at 37° C. 
AT  P  released  by cells  recovering from  hypoxia.  The amounts of ATP 112 
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released are related to the gaseous environment of the cells since the high 
levels associated with cells  in  the  hypoxic state  (see  Fig.  2)  could  be 
revertcd to those levels associated with cells initially in the oxygenated 
2·0 
1·0 
1·0 
Fig. 4.  Levels of ATP released from cells altcrnately exposed to hypoxic 
and  oxygenated  condition;  results  from  six experiments.  O.  cells  con-
tinuously oxygenated. ~.  cells first introduced to hypoxic buffer. [illJ.  cells 
previously  su~pended in hypoxic buffer restvred to oxygenated medium. 
state. A cell sllspension was divided into two volumes. A  and B. Volume A 
was immediately exposed to nitrogen buffpr,  whilt' B  remained continu-
ously oxygenated. Cells were maintained in either condition for 1-2 min 
befin'e an aliqnot was removed for measurement of ATP. Volume A  was IIJ 
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then immediately centrifuged and the cells re-suspended in oxygenated 
buffer for 1-2 min before the next ATP estimation. The same procedure 
was  carried  out in returning  the  cells  to  the  hypoxic  buffer for  ATP 
measurement. :Finally in the same manner the cells were returned to the 
oxygenated medium. They Were  never allowed to remain in the hypoxic 
suspension for more than 3 min, avoiding any possibility of  the ATP levels 
diminishing to the levels recorded in Fig. 2 (.). The results of one such 
experiment are presented in Fig. 3A. 'l'here is a  striking increase in the 
light signal obtained from the hypoxic cell suspension, while the paired 
oxygenated controls remained relatively constant throughout the same 
time course. 
The results obtained from six experiments when cell suspensions were 
first made hypoxic and then returned to the oxygenated buffer are shown 
in Fig. 4. In each of  the cases illustrated, it is clear that cells in the hypoxic 
condition always released greater amounts of ATP than the cells which 
were continuously kept in the oxygenated environment. Each time the 
hypoxic cells were introduced to the oxygenated condition, the levels of 
ATP released matched the amounts of ATP released by the cells that had 
always been kept in the oxygenated condition. 
AT  P  release  in the presence of ca-lciurn.  No calcium was added to the 
buffer used for the isolation procedure or for the storage of dispersed cells. 
A better yield of cells was obtained upon dialysis of collagenase before its 
use for digestion (C. A.  Williams and A. H. Gold, unpublished) in which 
the amount of calcium associated with the enzyme was decreased from 
12·4  to  5·8 pg/ml.  This observation supports  and extends  the  findings 
reported by others  (Vahouny et  al.  1970; Glick, Burns & Reddy,  1974; 
l\:[oustafa, Skomedal, Osnes  &  Oye,  1976) in which minimum cell disper-
sion occurred in the presence of calcium in addition to the lack of rhyth-
mic  contraction  for  any  of the  single  cells.  Furthermore,  Fabiato  & 
Fabiato (1972) have isolated cells  using either trypsin or hyaluronidase 
and collagenase in the absence of additional calcium; they reported con-
centrations of calcium from 0·05 to 0·07 mM  in the digestion buffer solu-
tion. The data presented in Fig. 5 indicate that alterations in the amounts 
of ATP released occurred as a  result of addition of calcium to the oxy-
genated buffer. In the presence of 2 mM-CaCI
2
,  cells released ATP 0'40 ± 
0'14  p~l/mg  protein.  These  levels  declined  Over  the  next  5 min  and 
became similar to the basal levels extruded by the control cells,  which 
again  remained  constant  over  the  time  interval  studied.  Addition  of 
calcium did not alter the response of the luciferin-Iuciferase reaction to 
ATP. 
Influence  of EDT  A  on  release  of AT  P.  Previous  studies  (Abood, 
Koketsu  &  l\Iiyamoto,  1962;  Kuperman,  Volpert  &  Okamoto,  1964b; 114 
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Okamoto,  Askari  &  Kuperman,  1964)  have  shown  that ATP  can  be 
released from cells  by applying a  powerful calcium chelator, EDTA. It 
was postulated that the source of this ATP was the membrane itself (see 
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Fig. 5. Effect of adding Ca2+ upon ATP extrusion from cells in suspension. 
Cells wore ro·suspended in  oxygenated buffer (0) or oxygenated buffer 
containing 2 ffii\I·CaCI 2  (e). Each point represents the average of three 
determinations.  Bars  indicate  ± 1  S.D.  of observation.  Initial levels  of 
ATP  released  are  significantly  different  (0·001 <  P  <  0.01). 
Discussion, p. 387). EDTA was applied to the heart cells in order to see 
whether chelation of calcium from the membranes was associated with 
an increase in the levels of ATP detected. The amounts of ATP released 
in response to incubating cells with increasing concentrations of EDTA 
is given in Fig. 6.  When EDTA was added in concentrations below 50/fM 
there was no significant effect on the ATP released, averaging O.151';~I/mg 115 
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protein  in  contrast  to  cells  incubated  wit hout EDTA which extruded 
0·14  Jl~l/mg protein. Concentrations of EOTA above 50/lM increased the 
Jevels  of ATP by scycnfold  during  the first  [)  min  of incubation.  This 
indicates that a ccrt.uin Jeyel of EDTA must be pn>sent before ATP efflux 
is altcrcd. 
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Fig_  G.  Effpct of ethY]f'lwdiawinctdra·acetic acid (EDTA) on ATP release 
from isolated cells_ Oxygenated cells were incubated at 37° C with increasing 
amounts of EDTA. Points reprpsl'llt amollnt of ATP released after incuba. 
tion for 5 min with EDTA. 
Extracellular A'l'Pase activit!! 
ATP was not detected in the fluid suspension after the cells had been 
removed, suggesting the presence of potent extracellular ATPase activity. 
A preliminary charac-terizat ion of this activity was therefore undertaken 
in order to determine whether the total disappearance of the ATP in the 
absellee of ceIL;  could be explained by this activity. The results of these 
experiments are reported in  Fig.  7 anel  Table  1.  Cells isolated and then 
incubated  in  oxygenatC'd  bulfer  "'ere  removec1  by  centrifugation  and 
known amount:,; of ATP ranging from 0·5 to 50 p'!.I were then added to the 
fluid and illcubated at 0° C for up to 1.') min in ordf'r to pst·nhlish the initial 
rate's of (kgraclation. Aliquots of thi,.;  mixture "-ere removed at 30 sec, 
2,  5,  10 a 11(1  15 min  and  added  to firefly  extract. The amount of ATP 
remaining, plotted as the initial intC'l1sity of t!J{'  light signal in relationship 116 
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to their time of removal of samples is indicated in Fig. 7.  The rate of 
degradation was determined from the initial slopes of  these curves. Similar 
decay curves were obtained for the reaction at 37° C. The initial rates of 
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Fig. 7. Rate of disappea.ra.nce of ATP added to cell-free suspension fluid. 
Reactions measured by mixing equa.l volumes of  undiluted suspension fluid 
with ATP (in /t:'I): 2'5, .;  2'0, 0; 1·0, CI; and 0'5, O. An aliquot (0·2 ml.) 
of  the mixture was removed at intervals and added to 0·2 mI. firefly extract 
for assa.y. Temperature 0
0  C. 
hydrolysis increased as the initial ATP concentration increased. A plot of 
velocity against initial substrate concentrations revealed that the hydro-
lysis reaction present in the crude enzyme preparation followed Michaelis-
Menten kinetics. Initial ATP concentrations above 15 pM were saturating 
for  the reaction at 0° C;  V/2  hydrolysed  A'l'P was approximately  1.5 
p)I/min and](m was determined to be 10'5 pM. However, initial ATP con-
centrations above 251111 were saturating for the reaction at 37° C, yielding 
a V/2 of ATP hydrolysed 18'3 JlM/min and a](7/& of approximately 13 plIo 
The  saturation  nature  of  the  kinetics  was  emphasized  by  the  close 117 
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agreement of the Km  values at the two divergent temperatures in view of 
the crude enzyme preparation which was used for the determination of the 
rates of hydrolysis. This agreement also indicated that the degradation 
of the ATP signal with time in the presence of the cell-free suspensioq 
fluid is truly an enzymic reaction. Increasing dilutions of the suspension 
fluid rcsultcd in a loss of enzymic activity, rendering t.he ATPase as the 
TABLE  1. Initial characterization of extracellular ATPase 
Rate of hydrolysis  Rate of hydrolysis  Rate of hydrolysis 
Initial ATP  (pM/hr)  (pr.r/hr)  (pM/hr)  concentration  0° C  37° C  37° C 
(P)!)  (in 02:C02)  (in 0z:C02)  (in N 2) 
0·5  4  33  77  1·0  10  147  88 
2·0  18  598  185 
5·0  540  10·0  111  690  1050  15·0  147  900  1230  25·0  132  2220  2520  50·0  180  2160  1257 
Km  10'5-11 JlM  /(m 12-13 It)1  /(", 12·5 pr.r 
V/2 1'5 p?I/min  V/2 18·3 p!>I/min  V/2 20·8 pM/min 
limiting factor in the reaction,  or inactivat.ing it,  possibly due to con-
formational change. The QI0 of the reaction was determined to be 4 when 
a  comparison of the rates of hydrolysis was made between 25  and 37° C. 
The dynamic nature of the ATP release process fro~ single cells was 
partially revealed from the reduction in the light sigmlJ following rapid 
removal of cells.  \Vhen cells were present, a signal equivalent to 0·39 pM 
ATP was elicited, whereas following the 10 sec  centrifugation, the cell-
free fluid sample generatcd a signal equivalent to only 0'11 pM ATP. This 
meant that ATP 0·027 pM/sec was lost after the removal of cells. According 
to the rate of hydrolysis determined at substrate concentrations between 
0·5 and  l'OllM (see Table 1), ATP 0·009 and 0·040 pM/sec can be hydro-
lysed, thus the  disappearance of 0·274 pM  ATP after  the  10 sec  rapid 
centrifugation seemed accountable by this process. Together, these results 
scemed to indicate that the normally functioning isolated cell system is 
composed not only of a source for Arrp release, i.e. the cells themselves, 
but also a  mechanism by which the ATP released is maintained within 
certain limits of concentration. 
The possibility that the increased amounts of ATP deteeted from cells 
in the hypoxic condition were due to an inhibition of ATPa::;e activity had 
to be ruled out, therefore ATPase activity was determined in suspension 
fluid samples derived from cells incubated in hypoxic buffer for 1 hr. The 118 
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results of these experiments are also presented in Table 1 and indicate 
that the enzyme is no less active in the hypoxic condition than in the well 
oxygenated condition. The K",  was determined to be 12'5/tM and V/2 
20·S/oI/min.  Thus,  it  apl)cared  that  the  increased  amounts  of A'l'P 
measured from the re-suspended cell samples represented a direct cellular 
response to hypoxia. Attempts at further characterization of the enzyme 
by testing its activity in the presence of ouabain in both the oxygenated 
and hypoxic buffers were carried out. There was no inhibition of ATPase 
activity in the oxygenated buffer when 1·0  /t~1 ATP was added. This was 
confirmed  by increasing  ouabain  from  2'5 to  25/tg in the incubation 
mixture (1·2 ml.) while keeping the ATP concentration constant, so that 
the rate of hydrolysis at l/tM A'l'P in the absence of ouabain was 147 
101/hr while in the presence of 25 pg ouabain there was a slight increase: 
to 172  /l~I/hr. Similarly, at 2·0 p~1 ATP concentration, there was no con-
sistent effect of either 25  or 50 pg ouabain on the rate of llydrolysis. 
Ouabain had no inhibitory effect on the rates of hydrolysis of ATP at 
initial concentrations of 1·0 and 2·0  /{~I in the hypoxic conditions, but 
some  inhibition  occurred  at  an  initial  concentration  of 0·5 pr.I  NfP. 
However, since the init.iallevels of ATP released (1·28 pM/mg protein) by 
cells incubated in 100 % N 2  were much greater than 0'5  p~r, there is no 
indication that rates of ATP hydrolysis from 1 to 2 p~1 are inhibited by 
ouabain, therefore alteration of enzyme activity as a possible explanation 
for  higher  ATP leyels  in  hypoxi,t  was  not supported by the ouabain 
experi  men t. 
DISOUS8IO~ 
ATP has been identified in the fluid  medium sunounding adult heart 
cells isolated from rat ventricle. The most striking feature demonstrated. 
was the consistent increase in the ATP concentration upon exposure of 
the cells to an hypoxic environment and the diminution of these levels 
upon restoring cells to an oxygenated medium. 
There is  little doubt that the source of the ATP detected is the myo-
cardial  cell,  but  obviously  an  assessment  of viability  was  necessary. 
Preyious studies suggest that enzymically isolated heart cells retain somo 
metabolic  and  physiological  characteristics  which  are  comparable  to 
the intact  myocardium.  C. A.  Williams  and  A. H.  Gold  (unpublished) 
ha,·c concluded that the insulin receptor, which is known to be membrane 
bound, remains functionally intact since both glucose incorporation into 
glycogen  and  the activity of the  I-form  of glycogen  synthetase  (E.e. 
2.4.1.11) were stimulated by the presence of insulin. Glick et  al.  (Hl74) 
have shown that octanoate is preferentially oxidized over glucose and its 
oxidation  is  stimulated  by  the  pl'cs£'nl'C  of triioclothYl'Onine  (BtlI'nl'!  & 119 
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Reddy, 1975). Berry, Friend & Scheuer (1970) have indicated that oxygen 
uptake will be dependent on the substrate provided and they noted that 
addition of calcium increased the percentage of contracting cells.  Their 
studies on the fine strudure of these cells revealed a normal morphology. 
Powell & Twist (1975) found that respiration increases in the presence of 
an uncoupleI' but is  completely inhibited by a respiratory poison, indica-
ting normal function of the mitochondrial oxidative apparatus. Moustafa 
et al. (1976) have reportefl that a transient inerease in cyclic AMP occurred 
in response to isoprenaline when cells were pre-treated with theophylline, 
while calcium reduced the levels of cyclic AMP, presumably by inhibiting 
adenyl cyclase. In this study, reuuction of the amounts of ATP released 
seen upon restoring cells to oxygen further demonstrates viability. Cer-
tainly the possibility that dead cells are responsible for the levels of ATP 
is excluded by the results of the experiments in which no ATP was de-
tected when hearts were allowed to remain in sitn for 20 min before cell 
isolation was performed. The argument that the cell membranes might be 
'moderately' damaged, allowing ATP to leak steadily out is difficult to 
support in view of the results with calcium. Since there was no calcium 
added to the fluid medium it might be expected that increased levels of 
calcium would 'stabilize' the membrane and diminish the output of ATP. 
In fact, the addition of calcium increased the ATP initially released by 
cells, presumably through an inotropic effect (Berry et al. 1970; Fabiato & 
Fabiato,  1972).  These results strongly suggest that release of ATP is a 
normal function of viable cardiae cells and emphasizes its role as one of 
the principle metabolites involved in the mechanism of local vasodilata-
tion in the myocardium. 
The question now arises ,\·hether enough A'l'P is released in order to 
satisfy vasodibtory requirements  in  the  myocardium.  'Volfe  &  Berne 
(19[;6)  produced maximum coronary flow  in dogs with ATP 0·2 pM/min 
and McCruden (1970) has shown that the threshold of coronary vasodilata-
tion in response to ATP lay betweel).  O·OG  and  0·56Il~1 entering rabbit 
coronary arteries. The levels reported here in the oxygenated condition 
(ATP  0·281(~1/mg protein) fall  well  within this range. Continual release 
of ATP from isolated cells supports the possibility that coronary vessel 
tone is a  function of this level.  A  continuous release of ATP from the 
soleus muscle of cat was noted by Forrester & Hamilton (1975)  and was 
thought to he the proba,ble reason for the high resting flow in this muscle. 
Furthermore,  the  signifieant  increases  noted  in  response  to  hypoxia 
resemble  the  pattern described  by Paddle  &  Bmnstock (1974).  In the 
present  study,  ATP  1 x 10-1 ;;  mol/cell. min  is  calculated to be released 
under hypoxic conditions. 
Eftlux of ATP has already been demonstrated from nerve axons (Abood 120 
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et ct!. 1962; Kuperman, Okamoto, Beyer & Volpert, 1964a) nerve terminals 
(Holton, 1959; Silinsky &  Hubbard, 1973) the post-synaptic membrane 
of the electroplaque  (Israel,  Lesbats, l\Iuenier  &  Stinnakre,  1976)  and 
skeletal muscle (Abood et  al.  1962; Boyd &  Iforrester, 1968; Forrester & 
Lind, 1969; Forrester, 1972). The efflux of  ATP demonstrated in this work 
may thus represent a general physiological phenomenon. 
Since the rate of efflux is maintained for a period of 60 min, it is likely 
that a 'pool' of  ATP is available for release. This pool is either large enough 
to maintain the efflux or is continuously replenished in some way. These 
findings are important to consider in relation to the extracellular ATPase 
activity reported. Williamson  &  DiPietro (1965)  have observed surface 
ATPase activity from rat cardiac muscle quite similar to the one pre- , 
sented here. It is  probable that this ATPase functions  to maintain a' 
constant basal level of ATP in the extracellular fluid and this level, in 
tum, determines the'  resting' tone of coronary vessels. It is possible to 
an·i  ...  -e at  ~his conclusion because the same levels of ATP as reported here, 
during oxygenated conditions, were found  to cause a  certain degree of 
vasodilatation (\Volfe & Berne, 1956; McCruden, 1970), therefore, almost 
the same extracellular ATPase activity as measured here must be opera-
ting in these intact systems. Perhaps the most important finding of this 
study is the demonstration that the high levels of ATP seen in response 
to hypoxia are the result of increased amounts of ATP released and not 
the rcsult of an irihibition of  extracellular ATPase activity. These findings 
reveal the dynamic nature existing between the amounts of ATP released 
and the resulting degree of vasodilatation. 
1.'he  site from which ATP is  released remains to be determined. The 
experiments completed can only suggest that either ATP is l'eleased from 
the membrane or through it. A nucleotide-Ca-l'rotein complex was first 
conceived by R. J. P. \Villiams (1959) and a similar model has been pro-
posed for excitable membranes (Abood et al. 1962; Kuperman et al. 1964b; 
Okamoto et al.  1964). It has been noted by these workers that conditions 
which affect nucleotide release also  increase the rate of calcium efflux. 
Since EDTA was used  this phenomenon was presumably a  membrane 
effect (Koketsu & Miyanioto, 1961). Experiments conducted in this work 
showed that incubation of isolated heart cells in the presence of increasing 
amounts of EDTA permitted larger amounts of ATP to be detected. It  is 
possible that ATP was freed from these protein-Ca-nucleotide complexes 
along  the  sarcolemma  in  association  with  the  removal  of calcium  by 
EDTA. However, it is not suggcsted here that the  effe~ts seen in the 
presence of EDT  A account for the ATP released by cells maintained in an 
oxygenated or hypoxic  condition, but it may indicate that myocardial 
cells enzymically isolated have retained this stnwtural entity. 121 
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Possible mechanism of A'l'P 1·elease.  The current most plausible model 
of the  molecular organization of cell  membranes concludes that a  two 
dimensional  solution  of  oriented  globular  proteins  alternates  with  a 
phospholipid  bilayer  (Singer  &  Nicolson,  1972).  This view  can  be  co-
ordinated with the association-induction hypothesis presented by Ling 
(1962),  in which the physical state of the cell is maintained by protein-
ATP  complexes  occUlTing  along  various  cardinal  sites  on  membrane-
bound proteins.  The adsorption of ATP most likely helps to establish 
the  conformation  of the  integral  proteins  of the  cell  membrane.  The 
binding of ATP to charged sites along the protein woulu certainly affect 
the affinity of various ions for these structures and might further explain 
the concept of selective ionic channels.  . 
It  is proposed here that alteration of protein configuration and protein-
protein  aggregate  interactions,  by  whatever  means,  will  release  ATP 
which may not necessarily be that ATP involved with structural membrane 
proteins. In the present work,  the continuous release of ATP into the 
fluid  medium  despite strong ATPase activity would  suggest that it js 
replenished by intracellular ATP. This pool of nucleotide readily available 
for release may be situated clo3e to the integral protein on the inner side 
of the membrane. The presence of oxygen may be necessary to allow mem-
brane bound protein-protein interactions to o('cur. The absence of  oxygen, 
independent of pH changes,  would effeet  a  suffieient  alteration of the 
inherent membrane structme such that new charge-charge interactions 
would take place resulting in a different protein ('onformation (membrane 
strudure) allowing ATP to pass through it. 
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This  short abstract was  a  report  upon  experiments 
intended to  throw  some  light upon  the  mode  of release 
of  ATP  from  the  cell.  Either the  nucleotide  is released 
through  the  cell membrane  or from  it.  The  well defined 
effects of  pH  and  calcium  could support either suggestion. 
Further work  is in progress to clarify these  points. 
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Effect of pH and Ca2+ on A TP release from isolated adult heart cells 
By T. FORRESTER  and CAROLE  A. \VILLIAl\1S.  Department of Physiology, 
Bt Louis University Behool of Medicine, St Louis, Missouri 63104 
Adult rat heart cells  isolated enzymically (Williams,  1977)  release  a 
constant amount of ATP which is increased upon exposure of the cells to 
hypoxia (Forrester & Williams,  1977) at pH 7·4. Addition of Ca2+,  2 mM, 
to the oxygenated cell suspension caused an increase in the levels of ATP 
released;  this was  attributed to  a  positive inotropic effect  (Fabia:to  & 
Fabiato,  1972). It was  calculated  that if these  amounts  of ATP  are 
released in vivo, then ATP could satisfy the vasodilator requirements of 
hypoxic cardiac muscle. The present experiments set out to explore the 
effect of pH and applied Ca2+  on the output of ATP, since pH and Ca2+ 
levels  are likely  to change locally in increased cardiac  muscle activity. 
(Hasselbach, 1964). 
Cardiac  ventricular  cells  were  enzymically isolated  from  adult male 
rats according to the method of Vahouny, 'Wei,  Starkweather &  Davis 
(1970) as modified by Williams (1977), and described in detail by Forrester 
& Williams (1977). The ATP present in the fluid surrounding the heart cells 
was measured by the luciferin-luciferase method  modified by Forrester 
( 1972). 
Cells maintained in an oxygenated buffer at pH 7·4 released a constant 
amount of ATP, averaging 0·20 pM/mg protein during a  30 min period. 
'When cells from the same digestion were equilibrated in the oxygenated 
buffer at pH (j'8, then  was a significantly lower amount of ATP released, 
0·15 pl\1/mg  protein, during the first  15-20 min.  Thereafter ATP levels 
were similar to those measured from the cells kept at pH 7·4. The affinity 
of extracellular  ATPase  activity  increased  with  lowered  pH,  the  ](m 
shifting from 11·3 to 5-7·5 pM. Levels of ATP released from hypoxic cells 
at both pH values were initially greater; reduction of pH caused less ATP 
to be released in relation to hypoxic cells maintained at pH 7·4. The lower 
amounts of ATP released by cells in an acidic environment indicates a 
relationship between H+ and membrane permeability to anions such as 
ATP. 
There was no modulation of the ATP released from  oxygenated cells 
when various amounts of Ca2+ ranging from 0·1 to 2·0 m:\{ were added. The 
higher  levels  of  Ca2+  seemed equally to increase the amount of ATP 
released relative to the non-Ca2+ treated cells. 
[P.T.O. 2 
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Commentary  - paper 16. 
An  opportunity arose  to  study  the  effects  of ATP  injected 
into  the  pulmonary artery in primates.  Basically the  rationale 
behind this  experiment  was  the question:  can  intravenously 
administered ATP  survive  passageway  through  the  lungs?  If 
so,  can vasodilator amounts  significantly affect the  calibre 
of the  coronary blood vessels?  If this is the  case  then 
perhaps  ATP  could  be  used  therapeutically as  a  coronary 
vasodilator drug.  As  can be  seen  from  the  report,  very 
high  doses  are necessary before  ATP  appears  in the arterial 
blood. [From the  Proceedings oj the Physiological Society,  16-17 December 1977 
Journal oj PhY8iology, 276, 70-71P] 
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Intravascular passage of adenosine triphosphate through lung of baboon 
By R. G. EVANs, T. FORRESTER  and HILTRUD  S. MUELLER.  Division of Cardiology 
and Department of Physiology, Saint Louis University School of JJ1edicine,  1402 South 
Grand Boulet'ard, Saint Louis, ;Missouri 63104, U.S.A. 
Adenosine triphosphate (ATP) has been detected in the circulation during iso-
metric exercise (Forrester &  Lind, 1969) and 5 min following whole body exercise 
(Parkinson, 1973). We have measured ATP in plasma within 2 min of sampling and 
have monitored the level during infusion of ATP into the pulmonary artery. 
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Fig. 1. Arterial plasma levels of ATP before, during and after infusions of ATP (0'167~!) 
into the pulmonary artery of  a  17 kg baboon. Infusion (in ml./min. t) at (a)  1; (b)  0.5; 
(c)  0·25;  (d)  0'125;  (e)  0·0625; (j) stopped;  (g)  started at 0·0625. Interrupted lines 
indicate arterial B.P. (mmHg) and heart rate (beats/min). 
Female baboons of 12-17 kg were sedated with ketamine Hel and anaesthesia was 
maintained  with  intravenous  sodium  pentobarbitone,  20 mg/hr.  The  tip  of the 
infusion catheter lay approximately 1 em beyond the pulmonary valve; the sampling 
catheter tip lay in the aortic arch. Both were inserted via the femoral vessels. ATP-
Na, 0·167 M, was delivered by constant infusion at 0·06-1.0 ml./min. 
Initial infusion of a high dose resulted in 10-20 % recovery in the arterial blood. 
This  percentage was  not substantially altered with subsequent infusions of lower 
doses (Fig.  1). The fall in arterial blood pressure was not accompanied by a  corre-
sponding increase in heart rate.  Arterial levels were followed  for  30 min without 
obviously harmful effects. 
[P.T.O. 129 
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commentary  - paper 17. 
This  manuscript  represents  the  full account  of experiments 
performed  five  years earlier in the  laboratory of Dr.  A.M. 
Harper.  A  few  results were  obtained at later intervals,  but 
the  essence  of the work  was  described  in the  abstract  of 
paper no.  12.  The  problems  raised  in this paper are  of funda-
mental  interest.  How  does  ATP  act  beyond  the  blood-brain 
barrier?  Do  circulating nucleosides  and nucleotides  cont-
inuously modulate  the  metabolism  of the  brain tissue?  In 
unpublished  studies with Dr.  Peter Corr,  Department  of Card-
iology,  Washington University Medical  Centre,  Saint Louis, 
the  effect of  intracarotid ATP  in conscious  dogs  was  observed. 
The  uniform  response  was  that  the  animal  promptly  became 
drowsy  and  in  some  cases  sleep was  induced  0  Levels  of art-
erial blood  pressure  and  heart rate were  not  significantly 
altered.  No  E.E.G.  patterns were  recorded but  the  sleep-
provoking  effect is a  powerful  one,  since arterially can-
nulated  conscious  dogs  in a  noisy  laboratory are  usually 
difficult to  control. 
The  question of central nervous  synaptic  transmission 
by nucleotides  or sUbstances  affected by  nucleotides must 
also  be  taken  into  consideration. 
In any  event,  it became  clear from  this work  and  the 
studies by  Pull & McIlwain  (1972)  that ATP  and  its derivatives 
must  play an  important  role  in the  local control  of the 
cerebral blood  vessels. J. PhY8iol. (1979),296, pp. 343-355 
With 6 text·figure8 
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EFFECT  OF ADENOSINE TRIPHOSPHATE AND  SOME  DERIVATIVES 
ON  CEREBRAL  BLOOD  FLOW AND  METABOLISM 
By T.  FORRESTER*, A.1\1.  HARPER, E. T.  l\J:AcKENZIE 
AND E. M.  THOl\iSONt 
From the  lVellcome Surgical Research Institute, 
University of GlaslJow,  Garscttbe Estate, Bearsden Road, Glasgow G611QH 
(Received 21 November 1978) 
SUMMARY 
1.  Responses of cerebral blood vessels to peri- and intravascular doses of ATP 
(adenosine triphosphate) and some derivatives were studied in cat and qaboon. 
2.  Perivascular application of  ATP to cat pial arterioles gave a threshold dilatory 
effect at a  concentration of 10-11 M.  This figure  is comparable to the amount of 
ATP calculated to be released from electrically stimulated brain slices. 
3.  It is concluded that adenine nucleotides have a major role to play in the local 
control of cerebral blood flow. 
4.  Intracarotid injection of ATP showed a calculated threshold effect at 4 x to-8 M 
in the cat and 4 x 10-9 M in the baboon. 
5.  The threshold response of the vasculature to intra  carotid adenosine lay between 
4 x 10-7  M  and  4 x 10-6  M  in the  baboon.  Little effect  was produced with  AMP, 
pyrophosphate and inorganic phosphate. 
6.  Intracarotid ATP  increased  the  oxygen  consumption  of the  baboon  brain 
parenchyma.  This  effect  was  attributed in part to  an  elevation  of the  cellular 
cyclic AMP levels. 
7.  Osmotic disruption of the blood-brain barrier in baboon did not affect the 
vasodilatory or metabolic effect of intra  carotid ATP. 
8.  It is postulated that circulating purine compounds mediate a form of metabolic 
communication in the body. Also,  release of purine compounds from active local 
nerves might influence cerebral blood flow. 
INTRODUCTION 
In 1890 Roy &  Sherrington outlined two distinct mechanisms for the control of 
the cerebral circulation, one of them acting through the vasomotor nervous system, 
the other • an intrinsic one by which the blood supply of various parts of the brain 
can be varied locally in accordance with local requirements'. Since that time evidence 
supporting the latter statement has steadily accumulated. For example, Cobb  & 
Talbott (1927) found an increase in the vascularity of the olfactory bulb of rabbits 
•  ~re::;ent  address:  Department  of Physiology,  St  Louis  University  School  of Medicine, 
1402 :)outh Grand Boulevard, St Louis, Missouri 63104, U.S.A. 
t  Present address: Hannah Research Institute, Ayr. Scotland K.A6 5HL. 
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when the nasal mucosa was stimulated wit.h ammonia fumes. Many other examples 
of an increased blood supply occurring in an active region of the brain can be cited 
(Alexander  &  Revecz,  1912;  Schmidt  &  Pierson,  1934;  Gerard  &  Serota,  1936; 
Schmidt & Hendrix, 1937; Serota & Gerard, 1938; Penfield, von Santha & Cipriani, 
1939). More recently, Ingvar & Risberg (1967) traced regional vasodilator responses 
in conscious man during mental activity. Roy &  Sherrington concluded 'that the 
chemical products of cerebral metabolism contained in the lymph which bathes the 
walls of the arterioles of the brain can cause variation of the calibre of the cerebral 
blood  vessels'  and  many  such  'metabolites'  have  been  implicated in  the  local 
control of cerebral vessel  calibre,  notably the hydrogen ion,  carbon dioxide and 
oxygen (see reviews by Lassen, 1959; Sokoloff, 1959; Sokoloff &  Kety, 1960). 
Adenosine triphosphate (ATP) is well known as a powerful vasodilator in skeletal 
and myocardial muscle blood vessels (Folkow, 1949; Wolfe &  Berne, 1956) and has 
recently been implicated in the local  control of blood  flow  through these tissues 
(Boyd  &  Forrester,  1968;  Forrester &  Lind,  1969;  Forrester,  1972;  Forrester & 
Williams, 1977). Release of ATP and related compounds takes place from stimulated 
peripheral and central nervous tissue (Abood, Koketsu &  Miyamoto,  1962; Pull & 
McIlwain, 1972) and it has been clearly demonstrated that this release is associated 
,vith the  phase of membrane  depolarization  (Abood  et  al.  1962;  Israel,  Lesbats, 
Meunier &  Stinnakre,  1976).  Furthermore, there is the possibility that ATP and 
related nucleotides are released from nerves that supply the cerebral blood vessels 
themselves  (Schubert &  Kreutzberg,  1976; Burnstock,  1977). It therefore seemed 
pertinent to investigate the sensitivity of the cerebral vasculature to ATP and to 
ascertain the extent of its role as a local vasodilator of cerebral blood vessels. 
Some of these results have been reported to the Physiological Society (Forrester, 
Harper & MacKenzie, 1975) and have been recently verified by Kozniewska, Trzebski 
&  Zielinski (1976). 
METHODS 
Cat experiments 
Nineteen cats of either sex weighing  between  1·0 and  3'5 kg  were used. Anaesthesia was 
induced with LV.  administration of alphaxalone and alphadalone mixture (' Saffan ')  given in 
a  dose of 9 mg/kg. Anaesthesia was maintained with approximately 4 % fiuothane in oxygen, 
and subsequently a  1 % chloralose solution infused IV in a dose of 6 mIjkg at 40°C as necessary. 
The animals were intubated with an endotracheal tube and artificially ventilated with oxygen 
(Harvard Apparatus respiration pump). Stroke volume and pump rate were adjusted to obtain 
an end-inspired pC02  of 29 (±  3'7)  mm  Hg using a  capnograph (Goddart). The pCOz, pH and 
pOz of the arterial blood were monitored at intervals with a  pH/blood gas analyser (Corning). 
Arterial  blood  pressure  was  continuollsly  monitored (via  a  femoral  artery  catheter ,dth a 
Statham gauge transducer. Body temperature was maintained between 35·5 and 37'5°C with a 
heated blanket  unit. An LV.  infusion of Hartmann's solution of composition  (m:'.1)  Na  +  131; 
CI- 111; K+ 5; Caz+; HCO; 2U  at 0·1  ml./min waR  IIHt1(1  to C()\Jnteract fluid losses. The lingua 
artery was cannulated centripetlllly to provide the route for intra-arterial d.rug infusion. Drugs 
were infused at 0·2 ml./min. 
Pial  vessel calibre was measured using  a  modification of a  technique developed  by Baez 
(1966) and has been previously described in detail (Harper &; )lacKenzie, 1977 b). The technique 
of perivascular application  is  one  based  on that developed  by  \Vahl,  Kuschinsky,  Bosse  &; 
Thurau (1973) and has been previously described (Harper &  MacKenzie, 1977b). 133 
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Baboon experiments 
Twelve young, healthy baboons (Papio anubis and P. cynocepl/fllll<Y)  were used. The mode of 
anaesthesia, measurement of  cerebral blood flow, and oxygen consumption, and osmotic opening 
of the blood-brain barl'ier were carried out as described by Harper &; MacKenzie (1977a). ATP 
and derivatives were infused at 0·2 ml./min into the internal carotid artery via a linguo.facial 
catheter. Mean arterial pressure was monitored through a  catheter inserted into the abdominal 
aorta via the femoral artery. Another catheter lay in the inferior vana cava for administration of 
physiological saline if necessary. Artificial ventilation, adjusted if necessary, ensured that a 
normocapnic state was maintained. Body temperature was kept at approximately 37 °0 using 
infra-red lamps. All test substances were made up in Krebs-Henseleit solution of composition 
(mM) NaCl113; KC14-7; KHzPO, 1'2; NaHC03  24-8; CaCla 2·5; l\1gClz 1·0 and glucose 1·0. The· 
pH was 7-48. Drugs were obtained from Sigma Chemical Company. 
RESULTS 
Effect of ATP on pial vessels of cat 
Infusion of a solution of ATP into the carotid artery of cats was followed within 
10 sec by a  profound increase in cerebral blood flow.  Fig. 1 shows the relationship 
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Fig. 1. Effect of intracarotid infusions of ATP on pial arteriolar calibre in eight cats 
(mean ± S.E.). P  values obtained by comparing test effect with vessel calibre just before 
infusion. n.s., not significant. 
obtained between the amounts of ATP infused and the maximum outside diameter 
produced in pial vessels ranging in  calibre from  90-212 pm. Control infusions  of 
Krebs solution did not affect the vascular diameter. The results were expressed as a 
percentage change since the reaction was found to be independent of the diameter 
over the range investigated. There was  no change in end-tidal pCOz during the 
infusions, while the mean arterial blood pressure fell by no more than 10 mmHg. A 
significant increase in calibre  (0'001  < P  <  0·01)  was produced with infusion of 
2 x 10-'° mole/min.  The  concentration  of ATP  producing  this  vasodilatation  is 
calculated as 4·0 x 10-8 1\1,  assuming a  common carotid blood flow  of 5 ml./min. A 
response was seen in the vessels 3-4 sec after commencement ofinfusion. All responses 134 
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?eachecl a  maximum level within 30 sec and then the vessel constricted to a  value 
above the control diameter. Fig.  2 shows the effect of three doses irifused over a 
period of 3 min.  In general the higher doses produced a  more rapid time-to-peak 
effect and a longer time constant for the decay phase. 
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Fig.  2.  Response  of cat pial  vessell:!  to intracarotid infusions  of ATP  (mole/min), 
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7 
(\7, n  =  9, diameters. 90-212/tln), 2 x 10-8  (0, n  =  6, diameters 95-212p,m) 
and 2 x 10-D (0, n  = 6, diameters 112-212 p,m)  over a  period of 3 min (0-180 sec on 
abscissa). Means ± S.E. 
If  ATP plays a role in linking the local control of blood flow to cellular metabolic 
demand the blood vessels should respond to the chemical when administered from 
the adventitial side. Thus the sensitivity of  the pial vessels to perivascular application 
was tested. Fig. 3 gives a compilation of results obtained from eleven cats (seventy-
three vessels tested) when doses of ATP were pipet  ted perivascularly. A peak effect 
is seen with 10-
10 
M  solution. The threshold concentration lies  between 10-12  and 
10-
11 
M. It was interesting to note that with the higher concentrations of 10-4 and 
10-
3 
M,  there was an initial vasoconstriction; the cause of this effect has not yet 
been determined. The relative potency of peri- and intravascular ATP can be readily 
calculated,  assuming a  common  carotid blood flow  of 5 mI./min.  The intra- and 
perivascular concentrations required to produce a  13 % increase in pial diameter 
were  4 x 10-
8  and  3 x 10-12 M  respectively.  Those  amounts  required  for  a  28 % 
increase in diameter,  the maximum achieved with perivascular application,  were 
2·6 x 10-
7 
M intravascularly aml10-lO  M perivascularly (Figs. 1 and 3). It  is clear that 
perivascular  application  is  the  more  efficacious,  and  many  factors  obviously 
contribute to this difference (see Discussion, p. 350). lJ~ 
ATP AND DER1.VATIVES ON OEREBRAL BLOOD FLOlV  347 
It  was not possible to assess the actual cerebral blood flow using the diameter of 
pial vessels without information about changes also taking place at sites proximal 
and distal to the point of measurement (see Stromberg & Fox, 1972, for discussion). 
Application ofPoiseuille's equation here is not valid, since the flow in these distensible 
vessels is pulsatile. Also,  as vessel diameter decreases below  200 pm, the regional 
variation in blood viscosity becomes an important factor. 
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Fig. 3. Maximum response of cat pial vessels to doses of ATP applied perivascularly 
(mean ± S.E.). A 28 % increase in outside diameter was obtained with a concentration 
of 10-10 M. Line fitted by eye. 
Effect of ATP on cerebral blood flow of baboon 
The effect of intravascular ATP on the cerebral blood flow was assessed using the 
xenon clearance technique in baboon. The relationship between intracarotid doses 
of ATP and the increase in cerebral blood flows  is shown in Fig.  4.  A  threshold 
response was obtained ,,,ith 1O-io mole/min. beil'J infused. The threshold concentra-
tion is calculated as 4 x 10-9 :r.r,  assuming an average internal carotid blood flow of 
25 rol./min. As with the cat, no allowance was made for degradation in the blood 
during the time of  circulation between the tip of  the infusion catheter and the cerebral 
vessels being scanned. 
Oomparison u,ith other derivatives 
The  actions  of pyrophosphate,  aden03ine  and adenosine  monophosphate were 
compared with that of ATP using the baboon preparation. Fig. 5 shows that the 
threshold response to adenosine was produced by infusion of 10-7 and 10-8 mole/min, 
i.e.  between concentrations of 4 x 10-7  and 4 x 10-6 1\1.  Little effect was seen with 
equimolar amounts of  pyrophosphate. The basal values (twelve baboons) for cerebral 
blood flow, mean arterial pressure, Pa,C02 and CMR02 were 52·5 ± 5·5 ml./100 g min, 
98·3 ± 5·2,  39·7 ± 0·3  and  2·78 ± 0·25 ml./lOO g min  respectively.  In  two  animals 
inorganic phosphate and AMP were infused over the same range of concentrations; 
no significant effects were noted. 136 
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Effect of AT  P on cerebral metaboli.sm 
Arterial  and  cerebral  venous  oxygen  saturations  were  measured  during  each 
estimation of cerebral blood flow.  Table 1 shows that a  relationship can be made 
between the actual blood flow  produced by various concentrations of ATP infused 
and the cerebral oxygen consumption in the baboon. It  was concluded that intra-
carotid ATP induced an increase in the oxygen consumption of  the brain parenchyma. 
TABLE  1.  Relationship  between oxygen consumption  (CMR0
2
)  and cerebral  blood 
flow (CBF) during ATP infusions into the carotid artery of baboons 
CMR02  CBF 
ATP infusion  (m!. ±S.E.j  (m!. ±S.E./  (mole/min)  n  100 g.min)  100 g.min) 
0  12  2·78± 0·25  52·5± 5·5  10-10  3  3·01 ± 0·36  64·8± 17·4  10-1  7  3·72± 0·34  72·3± 8'1  10-11  7  3·26± 0·28  66·9 ± 10·1  10-7  7  5·45± 0·72  104·9 ± 15·6  10-1*  2  4'53± 1'03  86·1 ± 9'9  10-8  If  4·11 ± 0·52  101·3 ± 8·4 
* After osmotic disruption of the blood-brain barrier with urea. 
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Fig. 6. The effect of intracarotid ATP (to-7  mole/min) on the cerebral blood flow  (a. 
ml./tOO g.min). Pa CO2  (b.  mmHg) and mflan arterial pressure (c. mmHg) before (0) 
and after (El) osmotic disruptio,1 of the blood-brain barrier. Mean  ± S.E. plotted. No 
significant differences Been  by paired Student t test. Ordinate units apply to the three 
parameters. 1]8 
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Effect of ATP after opening the blood-hrain barrier 
It was of interest to find whether osmotic disruption of the blood-brain barrier 
has any effect on the potency of intra  carotid ATP. Previous studies have shown 
that osmotic disruption of the blood-brain barrier "ith intracarotid infusion of a 
2 M  solution of buffered urea opened the barrier to substances of widely differing 
molecular size,  such  as Evans  Blue  albumin,  penicillin  G,  noradrenaline  and  5-
hydroxytryptamine. Cerebral blood flow,  cerebral oxygen consumption and glucose 
uptake  are  unaffected  5 min  after the  administration  of urea  (Pickard,  Durity, 
Welsh,  Langfitt,  Harper  &  MacKenzie,  1977;  MacKenzie,  McCulloch,  o  'Keane, 
Pickard &  Harper,  1976).  ATP,  10-7  mole/min, was infused via the intra  carotid 
route and control measurements on cerebral blood flow,  PaC0
2  and mean arterial 
pressure  were  made.  7-15 m!.  urea,  2 M,  was  delivered through the intracarotid 
cannula and 5 min later ATP, 10-7  mole/min, was again infused. Fig. 6 shows the 
results obtained in seven baboons. There were no significant differences between the 
values  obtained  before  and after osmotic  disruption  of the  blood-brain  barrier. 
Respiration and arterial blood pressure remained unaffected. Clearly the barrier, as 
represented  by the  vascular  endothelial  cells,  does not  modify the  vasodilatory 
effects of intra  carotid ATP. The value of 86 ± 10 ml./l00 g. min is included in Fig. 6 
to show that the effect of ATP on cerebral metabolism is probably little altered by 
opening the barrier. 
Comparison with amounts released from brain tissue 
Pull  &  McIlwain  (1972)  estimated the amounts of adenine nucleotide released 
from  electrically stimulated brain slices  in vitro.  They  calculated that the total 
adenine derivative released was  3-7 p-mole/g for  a  single electrical stimulus and 
suggested that much of the source could have been from released adenine nucleotide, 
probably ATP. They estimated that the extracellular volume associated with  1 g 
fresh weight of the neocortical tissue during incubation was 0·5 m!. Assuming that 
ont a  tenth of the adenine nucleotide was in the form of ATP, this would give a 
concentration of ~ 0·3 p-mole/0·5 m!.  for each stimulus in  a  1 g  mass of cortical 
tissue.  This  value  (6 x 10-10 M)  can  be  compared to that concentration  (10-101\1) 
which produced a  28 % increase in diameter when applied perivascularly to the cat 
pial vessel. 
DISCUSSION 
The results show that perivascular application of ATP to the cerebral resistance 
vessels in amounts equivalent to those released from activated nervous tissue causes 
marked vasodilatation. A major role for the adenine nucleotides in the local control 
of cerebral blood flow seems evident. 
The great difference in  concentration between peri- and intravascular routes to 
produce the same increase in vessel diameter is not surprising. It  reflects a comparison 
between the adventitial and the vascular endothelial bal'l'ier; moreover, no allowance 
was made for any degradation or binding that might have occurred in the blood-
stream in the 2-3 see circulation time between the tip of the catheter and the site of 139 
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the pial vessel.  The relative importance of other factors, such as the power of the 
ATP-ases, and the distribution of nucleotide receptors, remains to be elucidated. 
The poor effects obtained with pyrophosphate and inorganic phosphate, previously 
noted by Kozniewska et  al.  (1976),  seem to rule out the simple notion that the 
vasodilatation  might  be  produced by these  substances  after  cleavage  from  the 
adenosine moiety. 
The results obtained with adenosine compare to those obtained earlier by Berne, 
Rubio &  Curnish (1974). One interesting point is that although adenosine does not 
cross the blood-brain barrier in effective concentrations (Berne et a"l.  1974), never-
theless an effect for intracarotid adenosine was demonstrated in this work. The fact 
that ATP has  a  greater effect  than adenosine  when  given  intra-arterially  may 
indicate the presence of a barrier-mediated nucleotide receptor or transport system. 
The actions of  intracarotid ATP on the cerebral vessels and brain parenchyma are 
of  special interest and pose some fundamental questions. First, how can ATP traverse 
the endothelial lining of the cerebral blood vesseis in order to reach  th~ vascular 
smooth muscle? Recently Simionescu, Simionescu & Palade (1975) proposed a third 
type of  transport through vascular endothelium in addition to filtration and diffusion. 
Their electron micrographs show that intra-endothelial vesicles exist, either singly or 
fllsed  together. In some cases  a  complete channel was formed  from the vesicles, 
traversing the whole breadth ofthe endothelial wall (Simionescll et al. 1975, fig. 7). If 
•  vesicular transport' also exists in the capillary endothelium of cerebral vessels then 
it is not hard to imagine that ATP might be transported through the endothelial cell 
as an intact molecule. 
Other questions concern the action of ATPon the vascular smooth muscle to 
produce dilatation and also its effect on the brain tissue to raise the oxygen con-
sumption. The fact that these actions are produced by concentrations of exogenous 
ATP so much lower than those found on the other side of the cell membrane would 
indicate that the membrane itself is intimately involved. A  mechanism of action 
common to both vasodilatory  and metabolic  effects  can  be cited involving  the 
. interaction of  exogenous ATP with membrane adenyl cyclase. Relaxation of  vascular 
smooth  muscle,  produced  in  various ways,  has been  closely  associated with  an 
increase of cyclic  3'5'-adenosine  monophosphate  (Kukovetz,  Poch  &  Holzmann, 
1971; Kukovetz &  Poch, 1972; Triner, Vulliemoz, Verosky, Habif &  Nahas, 1972; 
Andersson,  1973).  Relaxation  of smooth  muscle  has  also  been  associated  with 
inhibition of phosphodiesterase, allowing cyclic AMP levels to accumulate (Lugnier, 
Bertrand &  Stoclet, 1972). Sattin &  RaIl (1970, fig.  1)  found that incubation of a 
brain slice for 5 min with exogenous ATP, 0·02 mIll,  increased the amount of cyclic 
AMP by over ten times. If exogenous ATP has the same effect on smooth muscle 
cyclic AMP, then it may exert its vasodilatory action via the adenyl cyclase system 
within the cell  membrane. The action of exogenous ATP on brain cell metabolism 
could also be explained in the same way, since it is probable that accumulation of 
.cyclic AMP in the brain cell  will result in an increased oxygen consumption, both 
by the increased action of adenyl cyclase and the effect of  cyclic AMP on other 
systems within the cell  (Strubelt, 1968; Robison, Butcher &  Sutherland, 1971). It 
must be remembered, however, that the exact role of  cyclic A1\IP in this response has 
not yet been defined (Robison et al. 1971). 140 
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Exogenous ATP could interact with the adenyl cyclase system in several ways. 
One likely possibility would presume the existence of a  specific receptor for ATP 
which might directly influence the activity of membrane adenyl cyclase. Evidence 
for brain receptors specific for exogenous adenine ribose monomers has already been 
provided (Sattin & RaIl,  1970).  The effect of these compounds was blocked com-
petitively by methylxanthines  despite  the  fact  that  these  substances  would  be 
expected to cause a  rise in cyclic AMP levels through the inhibition of phospho-
diesterase (Hynie,  Krishna & Brodie,  1966).  Evidence for  nucleotide receptors in 
other tissues is  readily available. Cusack & Born (1977)  have shown two types of 
receptor on the membrane of blood platelets, one for adenosine and one for ADP. 
Burnstock (1978),  reviewing data from  many sources,  has proposed two types of 
purine receptor, one for adenosine and one for ATP (Pl  and P 2). An ATP receptor in 
the labellar sensilla of the tsetse fly has been characterized (Galun & Margalit, 1970; 
Mitchell,  1976)  and is thought to be the sensor for feeding stimulation by adenine 
nucleotides (Galun & Margalit, 1969). Sattin &Rall (1970) suggested that ATP might 
be converted to adenosine close to the membrane, the adenosine then entering the 
cell  and becoming phosphorylated to ADP with subsequent effects  on the mito-
chochondrion. This view was supported by their finding that adenosine applied to 
brain slices has the same effect on the cyclic AMP levels as ATP. It  is interesting to 
note that theophylline had no effect on the entry of adenosine into the cells, but did 
severely reduce the effect of adenosine on the accumulation of cyclic AMP, perhaps 
supporting the receptor theory.  One  other possibility  must be  considered.  ATP 
could pass directly through the cell membrane and become part of the intracellular 
ATP 'pool' used for the adenyl cyclase reaction (Kakiuchi, RaIl & McIlwain, 1969). 
Although this seems unlikely, nevertheless there is evidence to show that ATP can 
be taken up intact by skeletal muscle cells (Chaudry &  Gould, 1970) and leucocytes 
(\Vilkinson & Robinson, 1974). If  intracellular dephosphorylation to ADP then took 
place, this in turn would stimulate mitochondrial activity and hence increase oxygen 
consumption. 
Release of ATP from nerves supplying cerebral blood vessels. It has recently been 
demonstrated that substances synthesize,< in the nerve body can be transported into 
the dendrites and to the dendritic membranes, from  where they can be released 
into the extL'acellular space (Schubert & Kreutzberg, 1976). Many substances could 
modulate the vascular function via this pathway and adenosine has been cited in 
this respect  (Schubert &  Kreutzberg,  1975,  1976).  The extreme sensitivity of the 
pial vessels to perivascular application of ATP gives support to the concept of local 
release  of nucleotides  from  neurons  supplying  the  cerebral  vessels  (Schubert  & 
Kreutzberg, 1976; Burnstock, 1977). 
Poss'ible effect oj muscular exercise on cerebral blood flow and metabolism 
ATP has been demonstrated in the venous effluent from exercising skeletal muscle 
(Forrester & Lind,  1969)  and nucleotides have been detected in the circulation as 
long as 5 min after whole body exercise  (Parkinson,  1973).  The present work has 
demonstrated that circulating A'l'P can increase the metabolism and blood supply 
of cortical cells in the brain, probably through the effect of increasing intracellular 141 
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levels of cyclic  AMP.  The  question  then arises:  can circulating nucleotides and 
derivatives released from active skeletal muscle achieve levels in the arterial blood 
significant enough to affect cerebral metabolism? Is there some substance to the 
aphorism mens sana in corpore sanD?  It remains to be determined what proportion 
of derivatives, or the nucleotides themselves, can survive passageway through the 
lungs.  Other effects  of circulating  nucleotides  have  been  well  documented  (see 
Discussion, Forrester,  1972,  1978)  and recently the uptake and supply of purine 
compounds by the liver via the portal circulation  has  been outlined (Pritchard, 
O'Connor, Oliver & Berlin, 1975). These findings, together with the widely demon-
strated presence of extracellular ATPasa activity prompt the suggestion that there 
exists a system of 'metabolic communication' in the body mediated by circulating 
purine compounds.  I 
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Commentary  - paper 18. 
This  paper is one  of  a  series of invited lectures 
given under the auspices  of the Gif Lectures  in Neurobiologyo 
The  series was  published  in the  Journal  of Physiology  (Paris) 
under the  collective title  'Nucleotides  and  Neurotransmission.o 
For  the first time  it drew  together the  development  of  ideas 
on extracellular nucleotides  and  the  many  various  roles that 
may  be  played.  The  elegant work  of Maurice  Israel and  his 
colleagues was  the  stimulus for such  a  meeting.  Their clear 
demonstration  of the  post-synaptic  release  of ATP  as  a  result 
of membrane  depolarization,  supported  the  previous  observ-
ations that ATP  was  released  from  electrically excitable 
tissue. ©  MaHon, Paris,  1978 
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Gif  lectures in Neurobiolo,;y 
Nuc1eotides  and Neurotransmission 
Extracellular nucleotides in  exercise'  possible  effect on  brain 
metabolism* 
T. FORRESTER 
Department of  Physiology, St.  Louis  Unilwsity  Medical School,  St. Louis,  Missouri, 63104,  U.S.A. 
SUMMARY: 
ATP  and  other  nucleotide  derivatives  have  potent 
extracellular effects. Sensitive and rapid techniques of ATP 
detection have shown that ATP is  (1) released from  active 
skeletal  muscle  in  vasodilator  quantities  and  (2)  released 
from isolated heart cells in response to  hypoxia.  Release of 
nucleotides from active brain tissue  has  also  been  demon-
strated  (Pull  and  McIlwain,  1972).  It is  calculated  that 
active  cerebral  tissue  releases  sufficient  ATP  to  satisfy 
local  vasodilator  requirements  in  the  brain.  Intracarotid 
infusions of A  TP have the effect of stimulating oxygen  up-
take in brain  tissue  and profoundly increasing the cerebral 
blood  flow.  It is  not  understood  how  the  ATP  can  exert 
these  effects  beyond the  blood: brain  barrier.  Since  exer-
cising  skeletal  muscle  releases  ATP  and  other  nucleotide 
derivatives  into  the  circulation,  it  is  postulated  that  the 
metabolism  of  the  brain  can  be  significantly  affected  in 
exercise. These data, together with the studies by  Pritchard 
et al.  (1975)  on  uptake  and supply  of purine  compounds 
by  the  liver,  prompt  the  suggestion  that  there  exists  a 
system  of «  metabolic  communication  »  in  the  body  me-
diated by  circulating purine compounds. 
Key-words  :  Adenosine  triphosphate.  Circulating  nucleo-
tides.  Skeletal  muscle  blood  flow.  Cerebral  blood  flow. 
Myocardial  blood flow.  Brain  metabolism. 
INTRODUCTION 
The significance of intracellular adenosine triphos-
phate  (ATP)  as  an  intracellular  energy  transfer 
substance is well recognized. However it is only recently 
that ATP and  other nucleotide  derivatives have  come 
to  be  regarded  as  having  a  significant  physiological 
role to play extracellularly. As long ago as 1929 DRURY 
and  SZENT-GYORGYI  demonstrated  the  great  potency 
of ATP  when  applied  exogenously  to  the  heart  and 
blood  vessels.  The  vasodilator  effect  on  skeletal  and 
cardiac vessels was particularly impressive. These effects 
were  verified  (GADDUM  and HOLTZ,  1933 ;  GILLESPIE, 
1934; McDoWALL, 1944 ; BIELSCHOWSKY et al.,  1946; 
•  Re<;u  en  premiere  lecture  Ie  24  mars  1978,  en  deuxicme  lecture 
Ie  2  mai  1978. 
El\L'IELIN  and FELDBERG,  1948; DAVIES  el al.,  1951). 
In  1950 GREEN  and STONER  g:tve  a  clear account  of 
the  similarities  between  the  shock  produced  by  intra-
venous  A TP  infusions  and  ischaemic  shock.  They 
assembled  much  experimental  evidence  to  show  that 
the  adenine  nucleotides,  principally  A  TP,  might  be 
closely involved with the production of ischaemic shock. 
They commented  «  that the problem was hindered  by 
the lack of definition in the chemical methods available 
for estimating small changes in the body nucleotides ». 
Little was published about the extracellular actions 
of adenine nucleotides from then until Pamela HOLTON 
(1959)  demonstrated  the  presence  of  ATP  in  the 
effluent  from  rabbit ear associated  with  sensory  nerve 
stimulation.  Prior  to  this  any  physiological  role  for 
extracellular ATP had been regarded as highly unlikely, 
the  general  assumption  being  that  an  anion  of  such 
charge  could  not  possibly  pass  across  the  cell  mem-
brane.  With  the  development  of  more  sensitive  and 
rapid methods of A TP detection these longstanding and 
fundamental  questions could  once  again  be  examined. 
The following is a condensed account of the various 
pathways taken by this investigl'ltor in an effort to follow 
up  a  serendipitous........  finding  and  to  gauge  its  full 
significance. 
RELEASE  OF  ATP  FROM  ACTIVE  SKELETAL 
MUSCLE. 
Release  of  adenine  nucleotides  from  active  frog 
nerve  and  muscle  in  vitro  was  first  noted  by  ABOOD 
et al.  (1962) using indirect labelling methods.  A  direct 
bioassay system for A TP arose serendipitously ....  during 
a  search  for  acetylcholine  released  from  motor  nerve 
terminals  (BOYD  and  FORRESTER,  1968).  When  a 
solution bathing an indirectly stimulated  frog  sartorius 
muscle  was  perfused  through  a  frog  heart,  a  positive 
inotropic effect was produced. Fig. 1 shows the efIect of 
such  a  solution  on  an  isolated  perfused  frog  heart 
beating against  a  constant peripheral  resistance.  There 
••  Reviewec's  note:  Serendipitous  finding = unexpected finding with 
interesting  implications. 478  T.  FORRESTER 
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FIG.  l. - Response  of a  perfused  frog  heart  to  a  stimulated  muscle solution  and SOlllliolls  of noradrenaline and ATP beforf 
and  a/ler  adrenergic  blockade. 
Lower  trace  continues  directly  from  upper  trace  (arrow).  block  the  effect  of  noradrenaline  almost  completely.  Thr 
Heart  was  perfused  for  two  hours  with  a  Ringer's  solution  action  of  the  stimulated  muscle  solution  (and  ATP)  remained 
containing  pronethalol  hYdrochloride,  1O-6gjml,  and  crgot- unaffected.  It  may  be  postulated  that  the  ATP  contained  in 
amine tartrate,  lO-6gjml. Adrenergic blockade was  sufficient to  tr.is muscle solution was acting" beyond" the adrenergie receptor. 147 
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is  an  obvious  similarity  between  the  effect  of  the  test 
solution  and  pure  ATP.  Adrenergic  blockade  of  the 
heart  with  pronethalol  and  ergotamine  did  not  affect 
the stimulatory effect of the muscle solution, thus ruling 
out  the  possibility  that  the  stimulatory  substance  was 
a  catecholamine.  Further  tests  of  identification  were 
employed. It was  found  that the  stimulatory substance 
could be eluted into one fraction using  molecular sieve 
chromatography (Sephadex G-25). An Rf value  similar 
to that of ATP was  obtained. This procedure involved 
testing the eluted fractions from the column on the very 
sensitive  frog  heart  perfusion  system.  A  concentration 
of as  low as 10-9  M  could be detected. The molecular 
sieving  also  removed the protein fraction,  thus  making 
the  solution  available  for  spectrophotometric  analysis. 
Maximum  absorption  of  light  occurred  at  265  nm 
(pH 7.1), probably indicating the presence of substances 
containing a purine ring.  Incubation of the test solution 
with  the enzyme  apyrase  markedly reduced the  stimu-
latory effect  on the frog heart. Since  apyrase  catalyses 
the  breakdown  of  nucleotide  triphosphates  to  mono-
phosphates,  and rnonophosphates  do not stimulate  the 
frog  heart, this provided strong evidence that the  stim-
ulatory  substance  contained  a  «  high  energy  »  phos-
phate  chain.  Finally,  the  test  solution  caused  light  to 
be  emitted  from  firefly  lantern  extract,  the  pattern  of 
light  emission  being  similar  to  that produced by  pure 
ATP. It was  concluded that ATP, probably along  with 
other nucleotides, was  released from  contracting skele-
tal  muscle  in  vitro.  At  the  time  it  seemed  significant 
that no ATP could be  detected when  the muscles were 
stimulated  indirectly,  but  curarized.  In  retrospect  this 
did not indicate  that no ATP came  from  active  nerve 
terminals,  but  simply  that  the  amounts  released  from 
that particular source di .. : not achieve  detectable  levels 
in  the  bathing  solution. 
A  justifiable criticism  of this  work was  the  possi-
bility  that  the  ATP  had  as  its  source  musole  fibres 
damaged during dissection. It had been noted, however, 
that  the  potassium  levels  in  the  solutions  bathing the 
inactive muscle remained at control levels. Nevertheless 
it  was  decided  to  use  a  frog  muscle  preparation  in 
which  the  hindlimb  musculature is  left  intact  and per-
fused  through  the  abdominal  aorta.  This  preparation 
was  first  developed  by DALE and his  colleagues during 
their search for acetylcholine released from  motor nerve 
terminals.  We  have  clearly  demonstrated  the  presence 
of  A TP  in  the  perfusate  from  indirectly  stimulated 
hindlimb  musculature,  applying  the  tests  for  identifi-
cation  previously  described  (FORRESTER  and  HASSAN, 
1973). 
At  this  juncture  it  was  realized  that  A TP  could 
have  a  role  to  play  in  the  hyperaemic  response  seen 
in  skeletal  muscle  during  exercise,  since  ATP  is  well 
known as  a  powerful  vasodilator. Thus it  was  decided 
to  apply these techniques of detection and identification 
to human peripheral blood despite  the  fact that human 
plasma  contains  enzymes  capable  of  rapidly  degrading 
ATP.  When  suitably  diluted  human  plasma  was  per-
fused  through  a  frog  heart  the  same  stimulatory  re-
sponse was seen,  typical of ATP. The amount of ATP 
in  plasma  from  the  venous  blood  of  resting  subjects 
(antecubital vein  sample)  ranged from 0.19-0.95  ~lglml 
(0.3 7 -1.9  nmoles/ml).  Approximately  half  of  this 
amount was attributed to platelet damage. Simultaneous 
arterial  and venous  samples  from  four  subjects  at  rest 
had mean  concentrations of  0.19  ~lg/ml (0.37  nmoles/ 
ml)  and 0.70  ~g/ml (1.3  nmoles/ml) respectively,  indi-
cating that the A TP was added to the blood on its way 
through  the  skeletal  muscle bed. The concentration  of 
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FIG.  2.  - The  A TP  concentration  in  veflOUS  eflluell1  before, 
dllring  alld  after 20 %  (A)  alld  10'70  (B)  maximum 
volun!(/ry  coll1raC!iOflS  (MVC). 
Different  symbols  represent  results  obtained  from  differ-
ent  subjects.  Rectangles  indicate  duration  of  isometric  exer-
cise.  Note  the  slow  rise  in  concentration  of  ATP  during  the 
post-contraction  phase  in  the  20 %  MVC  (tension  resulting 
eventually  in  fatigue)  in  contrast  to  the  sharp  rise  and  faIl 
obtained  in  the  non-fatiguing  10 %  MVC.  (FORRESTER  and 
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ATP  in  the  venous  effluent  from  human  forearm 
muscles  performing  a  controlled  amount  of  isometric 
exercise  was  measured  (FORRESTER  and  LIND,  1969). 
Fig.  2  shows  the  results  obtained  from  subjects 
performlOg  10 %  and  20 %  of  their  maximum 
voluntary  contraction  (MVC).  Note  that  with  the 
20 %  MVC  the  concentrations  rise  steadily  after 
the  end  of  the  contraction  period,  presumably  indi-
cating  that  as  the  post-exercise  hyperaemia  dimi-
nished,  the  concentration  will  steadily  rise  if  the 
musculature  adds  ATP  to  the  venous  effluent  after 
contraction  has  ceased.  With  the  10 %  MVC  a  peak 
of concentration is  evident,  when  post-exercise  hyper-
aemia  was  naturally  not  so  great.  It  was  established 
that the  arterial  levels  remained  low  during  and  after 
the  isometric  exercise  (FORRESTER  and  LIND,  1969, 
Fig.  8).  These  results  were  soon  substantiated  by 
PARKINSON  (1973)  who  noted  rises  in  blood  levels  of 
ATP, ADP and AMP occurring as  long as five  minutes 
after whole body exercise. 
These results naturally led to the enquiry: is A TP 
released  in  sufficient  quantities  to  satisfy  the  vasodi-
lator requirements of active  skeletal muscle? Previous 
studies on the effect of infused A TP on  the circulation 
through  human  forearm  musculature  (DUFF  et  al., 
1954) provided an oplJortup;ty to quantify the amounts 
of  A TP  released  in  vil'C'  The  main  difficulty  with  a 
quantitative study of this sort is the fact that an increase 
in  blood  flow  through  exercising  skeletal  muscle  has 
the  effect  of washing out and  diluting  the ATP  to  an 
unknown extent. One way round this difficulty is simply 
to  occlude  the  arterial  supply  to  the  muscles  during 
the  period  of exercise,  and  then  gradually  restore  the 
flow  which  will  then  pass  throufl,  the  line  of  least 
resistance, i.e.  the dilated vessels in  the skeletal muscle 
bed.  Human  subjects  gripped  a  bar  isometrically  at 
5  %  MVC  in  the  presence  of  arterial  (and  venous) 
occlusion.  This  exercise  is  a  mild  one,  and  normally 
gives rise to an exercise hyperaemia of only three times 
the resting flow (LIND  and McNICOL, 1967). DUFF  et al. 
(1954) showed that a threefold increase in forearm flow 
could  be  produced  by  infusing  ATP,  16  fAg/min  (30 
nmoles/min), into the brachial artery.  Fig.  3  shows  the 
results  obtained  in  six  experiments  on  four  subjects. 
It is  important  to  note the  logarithmic  ordinate  scale, 
indicating  a  10-100 fold  increase in  the  concentration 
at  the  end  of  the  four  minute  exercise  period.  These 
concentrations  represent  only  a  smalI  fraction  of  the 
ATP  originally  present  because  the  rapid  degradation 
in the bloodstream by plasma and blood elements could 
not be avoided. This factor would certainly diminish the 
concentrations of ATP infused  by  DUFF  et  al.  (1954). 
A  computation  of  the  loss  occurring  was  made  and  it 
was calculated that 7.5-10.5 Ilg/min  (14-20 nmole/min) 
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were released (FORRESTER,  1972). These amounts com-
pare well with the 16 ~lg/min infused by  DUFF  et al.  to 
produce  the  same  threefold  increase  in  flow. 
RELEASE OF ATP FROM MYOCARDIAL CELLS 
IN RESPONSE TO HYPOXIA. 
The findings  with  skeletal muscle in  vivo encour-
aged  further  investigation  using  myocardial  cells.  The 
search  for  mechanisms  of  coronary  vasodilatation  has 
been going on for many years and is  of obvious impor-
tance  in  view  of  the  great  morbidity  associated  with 
myocardial  ischaemia.  Many  substances  have  been 
implicated  in  the  search  for  «  the  vasodilator  :.  (see 
review by BERNE,  1964) but because of potency andlor 
lack  of  detection,  none  so  far  have  been  found  satis-
factory.  The  adenosine  hypothesis  put  forward  by 
BEIU:lE (1963) seems to be unsatisfactory on the grounds 
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FIG.  3.  - Concentrations  of  ATP  in  hllman  venous  plasma 
before,  dllring  and  after  arterial  occlllsion  +  exercise 
(5 %  MVC). 
Clear  rectangles,  duration  of exercise;  shaded  areas,  time 
of  arterial  occlusion.  Resting  systolic  blood  pressure  given 
above  each  figure.  Filled  symbols,  samples  without  decay  in 
light  signal  and  therefore below  assay  threshold  (dashed  lines). 
Vertical  arrow  in  d  indicates  time  of  brief  reduction  in  cuff 
pressure  in  order  to  obtain  a  blood  sample.  Figures  above 
post-occlusion  samples  show  cuff  pressure  when  sample  was 
taken.  (FORRESTER,  1972.) 149 
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that  aminophylline  blocks  the  dilatory  action  of  adt:-
nosine  but not  that of hypoxia  (AFONSO  et  al.,  1972). 
An increase in  the levels of ATP in  the  coronary sinus 
effluent of perfused guinea-pig hearts has been observ-
ed  whenever  the  myocardium  was  made  hypoxic 
(PADDLE  and BURNSTOCK,  1974) but it  was  not certain 
whether  the  ATP  came from  nerves,  vascular  smooth 
muscle or myocardium. The use of adult rat heart cells 
isolated  according  to  a  method  devised  bv  V AHOUNY 
et al. (1970), modified by c.A. WILLIAMS  (1977), avoid-
ed many problems  associated  with  whole  heart prepa-
rations.  The high ratio of surrounding fluid  volume to 
cellular  volume  provides  excellent  conditions for oxy-
genation.  No  alteration  in  surrounding  fluid  volume 
occurs, thus avoiding the difficulty of having to estimate 
A TP concentrations in fluid coming from a vascular bed 
which  is  continuously  dilating in  response  to  hypoxia. 
The actual  estimation  of ATP remains  free  from  both 
contaminating elements such as the blood platelets, and 
degrading  elements,  the  blood  ATPases.  It was  found 
that ATP, 0.34 ~lM/mg protein, was  released from oxy-
genated  cells,  while  1.28  !AM/mg  protein  was  released 
within  30 seconds of rendering the cells hypoxic (FOR-
RESTER  and WILLIAMS,  1977).  Fig.  4  shows  the  com-
piled results  of the  data. When hypoxic  cells  were re-
stored  to  the  oxygenated  state  the  levels  of  A  TP 
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FIG.  4.  - Amounts  of ATP  present  ill  the  medium  for 
isolared heart celts in oxygenated (0) or nitros:ell·equilibrated  (e) 
buffer  sollltion  at  37  "C. 
Difference  between  points  at  1  min  of  incubation  is 
highly  significant  (0.001  <  P  <  0.01).  Cell  population  was 
divided  in  half such  that each preparation was  its own control. 
Each  point  represents  the  average  from  six  determinations. 
Bars  indicate  ±  1  S.D.  of  the  observation.  (FORRESTER  and 
WILLIA~IS,  1977.) 
reverted  to  the  previous  low  levels.  The  amounts  of 
ATP  released  were  calculated  to  fall  well  within  the 
range  necessary  for  production  of  maximum  vasodila-
tation of the coronary vascular bed. Continuous release 
of ATP  from  these  cells  supports  the  possibility  that 
the tone of corc:1ary vessels is a function of this release. 
It is  of interest  at  this  point  to  note  that  GILES  and 
WILCKEN  (1977),  working with dog heart, have shown 
that  the  response  of the  coronary blood  flow  to  ATP 
was  not  changed  by  aminophylline. 
EFFECT OF ATP ON CEREBRAL BLOOD FLOW 
AND METABOLISM. 
The nature  of  local  control  of  blood flow  in  the 
brain  has  also  been  a  longstanding  problem.  In  1890 
Roy  and  SHERRINGTON  described  an  intrinsic  control 
mechanism  ¢  py  which  the  blood  supply  of  various 
parts of the  brain can be varied  locally  in  accordance 
with  local  requirements  ».  In  view  of  the  probable 
major  role  that  ATP  plays  in  the  control  of  local 
blood  flow  in  skeletal  and  cardiac  muscle,  it  seemed 
pertinent  to  expTore  its  effects  on  the  cerebral  vascu-
lature.  It had  already  been  shown  by  PULL  and  Mc 
ILWAIN  (1972)  that  adenine  nucleotides  were  released 
from  electrically  stimulated  brain  slices.  They  calcu-
lated  the  amounts  released  per  single  stimulus  and 
suggested  that  a  large  proportion  of  the  nucleotide 
material  may  have  been  in  the  form  of  ATP. 
The effects  of ATP, AMP  and  adenosine  on the 
cerebral blood vessels of cat and baboon were  studied. 
Perivascular  application  of A TP  to  cat  pial  arterioles 
caused  dilatation  at  a  threshold  concentration  of 
lo-l1M. PULL  and McILWAIN  calculated that the total 
adenine .lUcleotides released from stimulated brain slices 
lay between 3-7 pmole/g for a  single stimulus.  Assum-
ing  that  only  one  tenth  of  this  was  ATP  and  taking 
the extracellular volume of the brain slice as  0.5  ml/g, 
a  concentration  of  around  0.3  pmole/O.5  ml,  or 
6  X  lo-lOM, can be computed. This value  compares 
favourably with  the threshold value  of 10-11M  causing 
dilatation  when  applied  perivascularly.  It is  thus  con-
cluded that A TP is  released in  amounts  that  are more 
than adequate to produce maximum local vasodilatation. 
Intracarotid  administration  of  A TP  produced  a 
surprising result in both cat and baboon. In both ca3es 
the  cerebral  blood  flow  was  approximately  doubled 
when  ATP  was  infused  into  the  carotid  artery  at  a 
rate of  lo-Gmole/min. Taking into account the  carotid 
blood  flow  in  each  case,  the  calculated  threshold 
concentration in cats was 4  X  lo-8M and in baboons 
4  X  IO-°M.  The threshold  response  to  adenosine  in 
the baboon was 4  X  lO-~M. No significant effects were 
seen with AMP, pyrophosphate or inorganic ph03phate. 
An interesting finding was the relationship seen between 482  T.  FORRESTER  150 
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TABLE  I.  - Cerebral  blood  flow  ami  oxygen  cOIlSllmplion  dllring  inlracarotid  ATP 
infusiolls  ill  fh'e  baboolls  (mcalls  :±:  SE.). 
(From  FORRESTER  ct  al.,  1975.) 
Base 
line  10-9 
ATP  (moles/min) 
10-8  10-7  10-6 
CBF (ml/l00.  min)  49  :±:  II 
CMRO~  (ml.  O2/100 g.  min)  2.9:±: 0.3 
~-:±: 1  ~~  I~~  ~-~~ --1- --9~  :±: 2:-[-116  :±:--~O--
3.2  :±:  0.5  i  3.4:±: 0.4  :  4.3:±: 0.7  !  4.5:±: 0.5 
intravascular ATP and  the  oxygen  consumption  in  the 
baboon  experiments.  Table  I  shows  that  the  oxygen 
consumption was raised by about one and  a half times 
when 10-
6  mole/min ATP was infused into the  carotid 
artery of baboon. 
CONCLUSIONS 
It  now  seems  that  active  skeletal  muscle,  cardiac 
muscle  and brain  tissue  release  significantly  high  con-
centrations of ATP into the extracellular space to affect 
profoundly the local blood flow.  A  residual  amount of 
ATP and other nucleotides is  most likely  to reach the 
general  circulation  and  indeed  nucleotides  have  been 
detected  in  the  human  circulation  as  long  5  min 
after  whole  body  exercise  (PARKINSON,  1973).  The 
question  then  arises:  can  circulating  nucleotides  and 
derivatives released from active skeletal muscle achieve 
levels  in  the  arterial blood sufficient  to  affect  cerebral 
metabolism?  Is  there  some  substance  to  the  adag~ 
¢  mens  sana  in  corpore  sano  »?  It  remains  to  be 
determined  what  proportion  of derivatives,  or the nu-
cleotides  themselves,  can  survive  passage  through  the 
lungs.  Some preliminary data  indicates  that  if  ATP  is 
infused  in  high  enough  quantities  into  the  pulmonary 
artery of baboon micromolar levels can be sustained in 
the arterial circulation without obviously compromising 
the general circulatory  welfare.  Other effects  of circu-
lating nucleotides are well documented and recently the 
uptake and supply of purine compounds by the liver has 
been emphasized (PRITCHARD  et al.,  1975). These find-
ings prompt the suggestion that there exists a system  of 
c  metabolic  communication  »  in  the  body  mediated 
by circulating  purine  compounds. 
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The  American Physiological Society sponsor  'Tutorial 
Lectures'  which  are delivered to  the Society at each  Fall 
Meeting  in order to  make  available  the most  up-to-date 
material in the various fields  of physiology.  This  paper 
is the result of such  a  lecture and  is more  or less the  same 
account as given in paper 18.  Additional  comments  appear 
in the last section - 'Implications for the  Future.' 
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Introduction 
The  roles  that  intracellular  nucleotides  play  in  cellular 
metabolism  are  well  understood  and  formidable  metabolic 
pathways  controlled  by  nucleotides  have  been  worked  out 
in great detail. However the actions of nucleotides extracellularly 
have only recently come into prominence with the realization that 
these substances can exist, and have highly potent actions, out-
side the cell. 
As long ago as 1929 Drury &  Szent-Gyorgyi published a paper 
in  The Journal of Physiology describing the action of adenosine 
triphosphate and derivatives when applied externally to the heart 
and blood vessels. They emphasized the great sensitivity of these 
tissues to the adenyl compounds. This might have prompted the 
immediate conclusion that there must exist nucleotide receptors 
to respond to the agonist nucleotide, a concept that has only now 
been put forward by Sattin &  Rail  (1970).  Burnstock (1978)  and 
others nearly fifty years later.  Since then widespread actions of 
the nucleotides on many tissues have been described. The urgen-
cies of World War II  brought forward a significant report which 
largely summarized  the extracellular actions of the nucleotides. 
particularly  ATP.  in  the  body  organs.  Much  of  this  work  is 
described by Green & Stoner (19501 who showed that circulating 
A  TP  could  be  responsible  for the wound shock seen  in  battle 
casualties.  The peripheral blood vessels seemed to dilate greatly 
end in some cases  irreversibly when a large mass of tissue was 
destroyed.  At this  time Green  &  Stoner commented "that the 
problem was hindered by the lack of definition in  the chemical 
methods  available  for  estimating  small  changes  in  the  body 
nucleotides."  Little  was  published  on  extracellular  activity  of 
these  substances until Pamela  Holton (1959)  demonstrated the 
presence of ATP in the effluent from rabbit ear artery associated 
with sensory nerve stimulation. Prior to this any physiological role 
for extracellular ATP had  ber.1  regarded  as  highly unlikely,  the 
general assumption being that an anion of such charge could not 
possibly  pass  across  the  cell  membrane.  However.  with  the 
development of more sensitive and rapid methods of A TP detec-
tion many studies have now been performed since then and many 
species have been  used.  A  typical result is shown in  Fig.  1. 
This  review  will  describe  experiments  demonstrating  the 
release  of ATP  from skeletal muscle.  cardiac muscle and  active 
brain  tissue.  The  effects of exogenously applied  ATP  to brain 
tissue will be discussed in  relation to whole body exercise. 
Release of  A TP from active skeletal muscle. 
Release of adenine nucleotides from active frog nerve and mus-
cle in vitro was first noted by Abood. Koketsu & Miyamoto (1962) 
using  indirect labelling  methods.  A  direct  bioassay  system  for 
ATP arose unexpectedly during a search for acetylcholine releas-
ed from motor nerve terminals (Boyd & Forrester,  19681. When a 
solution  bathing  an  indirectly  stimulated  frog  sartorius  muscle 
was perfused through a frog heart, a positive inotropic effect was 
produced.  Fig.  2  shows  the  effect  of  such  a  solution  on  an 
isolated perfused frog heart beating against a constant peripheral 
•  Presented as  a tutorial paper at the APS  Fall  Meeting in  ~t. Louis. 
resistance.  There is  an  obvious similarity between the effect 0' 
the test solution and pure A TP. Adrenergic blockade of the hear· 
with pronethalol and ergotamine did not affect the stimulatory ef 
fect of the muscle solution. thus ruling out the possibility that thl' 
stimulatory  effect  was  produced  by  a  catecholamine.  Furthe: 
tests  of  identification  were  employed.  It  was  found  that  th., 
stimulatory  substance  could  be  eluted  into  one  fraction  using 
molecular sieve chromatography (Sephadex G-25!.  An Rt valur· 
similar  to that of ATP  was obtained.  This  procedure involved 
testing the eluted fractions from the column on the very sensitiv,3 
frog heart perfusion system. A concentration of as low as  lo-9~.1 
could be detected. The molecular sieving also removed the pre·. 
tein  fraction.  thus  making  the  solution  available  for  spec· 
trphotometric analysis.  Maximum absorption of light occurred a: 
265 nm (ph r.1). probably indicating the presence of substance:; 
containing a purine ring. Incubation of the test solution with er . 
zyme apyrase markedly reduced the stimulatory effect on ·the fro;r 
heart.  Since  apyrase  catalyses  the  breakdown  of  nucleotidp: 
triphosphate to mono  phosphate, and monophosphate does nc t 
stimulate the frog heart.  this provided strong evidence that thi3 
stimulatory  substance  contained  a  'high  energy'  phosphat~ 
chain. 
Fig.  1.  The effect of graded concentrations of ATP solutions (g/mll when perfu~tld 
through a frog heart beating against a fixed peripheral resistance. There i., a 
positive inotropic effect and a late increase in heart rate with the higher con-
centrations.  IBoyd and Forrester,  1968,  J.  Physiol,  London). 
Finally, the test solution caused light to be emitted from firetly 
lantern extract. the pattern of light emission being similar to that 
produced  by pure  ATP.  It was concluded  that  ATP.  proba~,ly 
along  with  other  nucleotides.  was  released  from  contracting 
skeletal muscle in vitro.  At the time it seemed significant that flO 
ATP  could  be  detected  when  the muscles were  stimulated  un-
directly, but curarized. In retrospect this did not indicate that no 
ATP  came  from  active  nerve  terminals.  but  simply  that  1he 
amounts  released  from  that  particular  source  did  not achieve 
detectable levels in  the bathing solution. 
A justifiable criticism of this work was the possiblity that the 
A TP had as its source muscle fibers damaged during dissection. It 
had been  noted. however, that the potassium levels in the solu-
tions  bathing  the  inactive  muscle  remained  at  control  levl3ls. 
Nevertheless it was decided to use a frog muscle preparation in which  the  hindlimb  musculature  is  left  intact  and  perfused 
through  the  abdominal  aorta.  This  preparation  was  first 
developed  by Dale  and  his  colleagues  during  their search  for 
. acetylcholine  released  from  motor nerve  terminals.  A  TP  was 
clearly demonstrated (Figs.  3,4) in the perfusate from indirectly 
stimulated hindlimb musculature, applying the tests for identifica-
tion previously described (Forrester &  Hassan,  1973), 
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Responses  01 a perlused frog heart to a solution in which a frog sartorius 
muscle had contracted and to solutions 01 norepinephrine and ATP belore 
and aher adrenergic blockade.  lower trace continues directly from upper 
trace.  Heart was perfused for 2 hours with a Ringer's solution containing 
pronethalol hydrochloride,  lo-6g/ml, and ergotamine tartrate.  lo-6g/ml. 
Adrenargic blockade was sufficient to block  the effect of norepinephrine 
almost completely. The action of the stimulated muscle solution (and AlPI 
remained unaffected. It indicates that the ATP contained in the muscle s",'lJ-
tion was 'acting "beyond"  the adrenergic receptor.  (From Forrester.  1967. 
Ph.D. Thesis. Glasgow). 
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Fig.  3.  Response 01 perfused frog heart to perfusate from frog hind limb muscles. 
Perfusate from (il: unstimulated hind limbs; (iii: limbs stimulated at 5 Hz.; 
(iiil: response to AlP. lO-8g/m1;  (ivl: sample (iii aher incubation with the 
dephospho~ylating enzyme apyrase.  Horizontal bar.  time of perfusion (For-
rester. end Hassan.  1973, J.  Physiol  .•  London). 
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Response of firefly extract to perfusate from frog hind limb muscles Ii):. per. 
fusate from unstimulated hind limbs; note no decay of light signal; (ii), f.llP. 
lcrBg/ml; (iiil perfusate from (imbs stimulated at 5 Hz.; note decay simila' 
to that of pure AlP; (ivl, AlP, 5x 10-8g/ml (Forrester and Hassan. 1973. J. 
PhysioI.,  London). 
At this juncture it was realized  that ATP could have a rok, te 
play in the hyperemiC response seen in skeletal muscle during ex· 
ercise, since ATP is well known as a powerful vasodilator. ThllS il 
was decided  to apply these techniques of detection and iden· 
tification to human peripheral blood despite the fact that humar 
plasma  contains  enzymes  capable  of rapidly  degrading  ATP. 
When  suitably diluted  human  plasma  was  perfused  through l 
frog  heart  the same'  stimulatory response was seen,  typical 0' 
ATP (Figs. 5,6J.  The amount of ATP in plasma from the venc·U! 
blood of resting subjects (antecubital vein sample)  ranged frerr 
0.19 - 0.95 pg/m1 (0.37 - 1.9 nmoles/m1 J.  Approximately half o' 
this  amount was attributed  to platelet  damage.  Simultan8<'u! 
arterial and venous samples from four subjects at rest had mear 
concentrations of 0.19 pg/m1 (0.37 nmoles/m1) and 0.70 pg/m1 
(1.3 nmoles/m1) respectively, indicating that the ATP was add~tC 
to the blood on its way through the skeletal muscle bed. The con· 
centration  of ATP in  the venous effluent from  human  forearrr 
muscles  performing a  controlled  amount of isometric exerci:;E 
was measured (Forrester & Lind. 1969J. Fig. 7 shows the resuftf 
obtained from subjects performing 10%  and  2Q%  of their max' 
imum  voluntary  contractions  (MVCI.  Note that with the 20% 
MVC the concentrations rise steadily after the end of the contrac-
tion  period,  presumably  indicating  that  as  the  post-exercisE 
hyperemia diminished,  the concentration will steadily rise if the 
musculature adds A  TP  to the venous effluent after contracticr 
has ceased.  With the 10%  MVC a peak of concentration is evi-
dent, when post-exercise hyperemia was naturally not so great. 11 
was established that the arterial levels remained low during anc 
after the  isometric exercies  (Fig.  8J.  These  results  were soor 
substantiated by Parkinson (1973) who noted rises in blood leve!~ 
of ATP, ADP and AMP occurring as  long as  five minutes aft'~r 
Whole body exercise.  . 
Ag. 5.  Comparison  of tha  action  on a perfused  frog  heart  of solutions of A  TF 
Iglm1l and a diluted solution of fresh  human plasma.  Heart continuo.:sI\ 
perfused with locke solution. C, cont  -01 iniection; wrtical interrupted Ijne 
25 min period; t • fall in perfusion pressure during flUShing of residual pla~.m, 
SOlution from ~erfusion system. The actions of plasma and AlP are almas 
identical.  IForrester and lind, 1909. J.  Physiol.  london). PI ..  m. 
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Fig. 6.  The effect of a diluted  plasma  solution  before and  after incubation  with 
apyrase on a perfused frog heart.  Vertical interrupted line. 20 min period. 
After incubation with apyrase the same  solution has a much reduced  in-
otropic effect.  The increase in cardiac output was caused by an increase in 
the heart rate.  (Forrester and lind. 1969, J.  Physiol.,  LondonJ. 
These  results naturally led to the enquiry:  is  ATP released  in 
sufficient quantities to satisfy the vasodilator requirements of ac-
tive skeletal  muscle?  Previous  studies  on  the effect of infused 
ATP  on  the  circulation  through  human  forearm  musculature 
(Duff, Patterson & Shepherd,  1954)  provided an  opportunitY to 
quantify the amounts of ATf- released in vivo (Fig.  9).  The main 
difficulty with a quantitative study of this sort is the fact that an 
increase in blood flow through exercising skeletal muscle has the 
effect of washing out and diluting the ATP to an  unknown ex-
tent. One way round this difficultY is simply to occlude the arterial 
supply  to the  muscles during the period  of exercise,  and then 
gradually restore the flow which will then pass through the line of 
least resistance, that is, the dilated vessels in the skeletal muscle 
bed.  Human subjects gripped a bar isometrically at 5%  MVC in 
the presence of arterial (and venous) occlusion. This exercise is a 
mild one, and normally gives rise to an exercise hyperemia of only 
three' times the resting flow (Lind &  McNicol, 1967).  Duff et al 
(1954) showed that a threefold increase in forearm flow could be 
produced by infusing ATP,  16 JAg/min  (30 nmoles/min), into the 
brachial artery. Figs.  10 & 11  show the results obtained in six ex-
periments on four subjects. It is important to note the logarithmic 
ordinate scale, indicating a 10 - 100 fold increase in the concentra-
tion at the end of the four minute exercise period. These concen-
trations represent only a small fraction of the ATP orginally pre-
sent because the rapid degradation in the bloodstream by plasma 
and blood elements could not be avoided.  This factor would cer-
tainly diminish the concentrations of A TP  infused by  Duff et 81 
(19541.  A computation of tho loss occurring was made and it was 
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calculated that 7.5 - 10.5 JAg/min (14-20 nmole/min) were releas-
ed  (Forrester,  19721.  These amounts compare  well  with  th':I  16 
JAg/min  infused by Duff et al  to produce the same threefold in-
crease in  flow (Fig.  9l. 
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Fig. 7.  The ATP concentration (1'9 Imll in the venous effluent from human for'larm 
muscle before. during and after 20% (A) and  10%  (B) maximum volunUlry 
contraction. Different symbols represent different subjects.  Shaded bar in-
dicates duration of contraction. Note the slow rise in concentration dfJring 
the post-contraction phase in the 20% MVC (a tension eventually r95'_"ling 
in fatigue) in contrast to the sharp rise and fall obtained in the. non-fatiguing 
10%  MVC.  (Forrester and Lind.  1969. J. Physiol  .•  London). 
Release of  A TP from myocardial cells in response to hYPOXia 
The findings with skeletal muscle in vivo encouraged furthc1r in-
vestigation using myocardial cells. The search for mechanisms of 
coronary vasodilatation has been going on for many years and is 
of obvious importance in  view of the great morbidity associated 
with  myocardial  ischemia.  Many  substances  have  been  im-
plicated in  the search  for 'the  vasodilator' (see review by Berne, 
1964)  but because of potency and/or lack of detection, none so 
far have been found satisfactory.  The adenosine hypothesis put 
forward  by  Berne  (1963)  seems  to  be  unsatisfactory  on  the 
grounds  that  aminophylline  blocks  the  dilatory  action  of 
adenosine but not that of hypoxia (Afonso,  Ansfield,  Berndt & 
Rowe,  1972).  An increase in  the levels of  A  TP  in  the coronary 
sinus effluent of perfused guineapig  hearts has  been  observed 
whenever the myocardium was made hypoxic (Paddle &  Burn-
stock,  1974)  but it was not certain whether the ATP camH from 
nerves,  vascular  smooth  muscle or myocardium  (Fig.  12).  The 4 
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Fig. 6.  The  effect of a diluted  plasma  solution before and  after incubation with 
apyrase  on a perfused frog heart.  Vertical interrupted line, 20 min period. 
After incubation with apyrase the same solution has  a much reduced  in-
otropic effect. The increase in cardiac output was caused by an  increase in 
the heart rate. (Forrester and  Lind, 1969,  J.  Physiol.,  LondonJ. 
These  results naturally led  to the enquiry:  is  A TP  released  in 
sufficient quantities to satisfy the vasodilator requirements of ac-
tive skeletal  muscle?  Previous studies  on  the effect of infused 
ATP  on  the  circulation  through  human  forearm  musculature 
(Duff, Patterson &  Shepherd,  1954)  provided an  opportunity to 
quantify the amounts of ATP released in vivo (Fig.  91.  The main 
difficulty with a quantitative study of this sort is the  'act that an 
increase in blood flow through exerCising skeletal muscle has the 
effect of washing out and diluting the ATP to an  unknown ex-
tent. One way round this difficulty is simply to occlude the arterial 
supply to the muscles during the period of exercise,  and  then 
gradually restore the flow which will then pass through the line of 
least resistance, that is, the dilated vessels in the skeletal muscle 
bed.  Human subjects gripped a bar isometrically at 5%  MVC in 
the presence of arterial (and venous) occlusion. This exercise is a 
mild one, and normally gives rise to an exercise hyperemia of only 
three'times the resting flow (Lind  &  McNicol,  19671.  Duff er al 
(1954)  showed that a threefold increase in forearm flow could be 
produced by infusing ATP, 16llg/min (30 nmoles/min', into the 
brachial artery. Figs,  10 & 11  show the results obtained in six ex-
periments on four subjects. It is important to note the logarithmic 
ordinate scale, indicating a 10 - 100 fold increase in the concentra-
tion at the end of the four minute exercise period. These concen-
trations represent only a small fraction of the A  TP  orginally pre-
sent because the rapid degradation in the bloodstream by plasma 
and blood elements could not be avoided. This factor would cer-
tainly diminish the concentrations of A TP  infused by Duff et al 
(19541.  A computation of the loss occurring was made and it was 
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calculated that 7.5 - 10.5Ilg/min (14-20 nmole/min) were releas-
ed  (Forrester,  19721.  These amounts compare well  with the  16 
Ilg/min infused by Duff et al  to produce the same  threefold in-
crease in flow (Fig.  9). 
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the post-contraction phase in the 20%  MVC (a tension eventually resulting 
in fatiguel in contrast to the sharp rise and fall obtained in the. non-fatiguing 
10%  MVC. (Forrester and Lind,  1969, J.  Physiol.,  London). 
Release of  A TP from myocardial cells in response to hypoxia 
The findings with skeletal muscle in vivo encouraged further in-
vestigation using myocardial cells. The search for mechanisms of 
coronary vasodilatation has been going on for many years and is 
of obvious importance in view of the great morbidity associated 
with  myocardial  ischemia.  Many  substances  have  been  im-
plicated in  the search for 'the vasodilator' (see  review by Berne, 
1964)  but because of potency and/or lack of detection, none so 
far have been found satisfactory. The adenosine hypothesis put 
forward  by  Berne  (1963)  seems  to  be  unsatisfactory  on  th<8 
grounds  that  aminophylline  blocks  tho  dilatory  action  of 
adenosine but not that of hypoxia (Afonso, Ansfield,  Berndt  Er 
Rowe,  1972',  An increase  in  the  levels  of ATP  in  the coronary 
sinus  effluent of perfused  guineapig  hearts has  been  observf!d 
whenever the myocardium was made hypoxic (Paddle  &  Burn· 
stock,  1974)  but it was not certain whether the A TP  came from 
nerves,  vascular smooth  muscle or myocardium  (Fig.  12'.  The use of adult rat heart cells isolated according to a method devised 
by Vahouny, Wei, Starkweather &  Davis (1970), modified by c. 
A. Williams (1977) avoided many problems associated with whole 
heart preparations. The high ratio of surrounding fluid volume to 
cellular volume provides excellent conditions for oxygenation. No 
alteration in surrounding fluid volume occurs, thus avoiding the 
difficulty of having to estimate A TP concentrations in fluid com-
ing from a vascular bed which is continuously dilating in response 
to hypoxia. The actual estimation of A  TP remains free from both 
cOntaminating  elements  such  as  the  blood  platelets,  and 
degrading elements, the blood ATPases. It was found that ATP, 
0.34 ,.,M/mg protein, was released from oxygenated cells, while 
1.28 ,..M/mg protein was released within 30 seconds of rendering 
the cells hypoxic (Fig. 13). Fig.  14 shows the compiled results of 
the data.  When hypoxic cells were restored  to the oxygenated 
state the levels of ATP reverted to the previous low levels (Fig. 
15),  The amounts of A TP  released  were calculated to fall  well 
within  the  range  necessary  for  production  of  maximum 
vasodilatation of the coronary vascular bed.  Continuous release 
of ATP from these cells supports the possibility that the tone of 
coronary vessels is a function of this release.  It is  of interest at 
this point to note that Giles & Wilcken (1977>, working with dog 
heart, have shown that the response of the coronary blood flow 
to ATP was not changed by aminophylline. 
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Release Of Nucleotides from active brain tissue 
Pull & Mcilwain (1972)  showed that adenine nucleotides were 
released  from electrically stimulated brain slices  (Fig.  161.  They 
calulated the amounts released per single stimulus (3 - 7 pmole/g) 
and suggested that a large proportion of the nucleotide material 
may have been in the form of ATP.  Further discussion of these 
findings is continued below. 
Effect of  A TP on cerebral blood flow & metabolism 
The nature of local control of blood flow in the brain has been a 
longstanding problem, similar to that in skeletal muscle.  In  1890 
Roy &  Sherrington described an intrinsic control mechanism 'by 
I w~iCh  the blood supply of various parts of the brain can be varied 
\ 
locally in accordance with local requirements'. In view of the pro-
babls, major role that A TP plays in the control of local blood flow 
in  skeletal  and  cardiac  muscle,  the effects ofATP, AMP  and 
adenosine on the cerebral vasculature were explored (Forrester, 
Harper,  MacKenzie &  Thomson,  19791.  Perivascular application 
of A TP to cat pial arterioles caused dilatation at a threshold con-
centration of 10-11 M. Pull  &  Mcilwain calculated  that the total 
adenine nucleotides released from stimulated brain slices lay bet-
ween 3 -7  pmole/g for a single stimulus (see abovel.  Assuming 
that only one tenth of this was ATP and taking the extracellular 
volume of the brain slice as 0.5 ml/g, a concentration of around 
0.3 pmole/0.5 ml,  or 6 x la-10M, can  be computed. This value 
compares favourably with the threshold value of la-ll  M causing 
dilatation when applied perivascularly.  It is thus concluded that 
ATP is released in amounts that are more than adequate to pro-
duce maximum local vasodilatation. 
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Fig. 11. Concentrations of AlP in venous plasma before, during and after arterial oc-
clusion and exercise.  Clear  rectangles.  duration of exercise;  shaded areas. 
lime of arterial occlusion. Resting systolic blood pressure given above each 
figure.  Filled symbols, samples below assay  threshold Idashed lines).  Ver-
tical arrow in d,  cuff pressure lowered to obtain sample. Figures above post. 
occlusion samples  indicate cuff pressure when  sample  was taken.  IFrom 
Forrester,  1972,  J.  Physio/.,  London!. 
Intracarotid administration of A  TP produced a surprising result 
in both cat and baboon (Figs. 17 & 18), In both cases the cerebral 
blood flow was approximately doubled when A  TP was infused in-
to the carotid artery at a rate of 10-6 mole/min. Taking into ac-
count  the  carotid  blood  flow  in  each  case,  the  calculated 
threshold concentration in cats was 4 x 10 -9M and in baboons 4 x 
10 -8M. the threshold response to adenosine in the baboon was 4 
x  la-7M.  No  significant  effects  were  seen  with  AMP, 
pyrophosphate  or  inorganic  phosphate.  An  interesting  finding 
was the relationship seen between intravasuclar A  TP and the ox-
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ygen consumption in the baboon experiments. Table I shows that 
the oxygen  consumption  was  raised  by about  one  and  a half 
times  when  1O-6mole/min  ATP  was  infused  into  the  carotid 
artery of baboon. 
TABLE I. Cerobral blood flow nnd oxygen consumption during ATP 
infuttions in fivo bahoons. :"'igurc8 presented m't'!  mean ±  S.E.ll. 
ATP (rnr,l':s/min, intracnrotid) 
r-----------.~----______  ~ 
Base line  10-'  10-8  10-7  10--
CBF (rnl./IOOg.min)  49±1l  6r.±1l  71±13  D4±24  1l6±10 
01' < "'Olll' < 0'(11  I' <  0 U:; l'  < 0·001 
CMltO, (ml.O,/IOOg.min) 2'{)±0'3 3·2±0·(;  3·4±(J4  4·3±0·7  4'5±O'5 
P  = N .•. l'  =  N.'.  P  <  0·05  P  <  0.01 
•  By Student's pl\iroo ,·tC.ijt (buso Hue t'B. A'l'P infu:;ion).  N .s. =  not significant. 
(Forrester,  Harper &  MacKenzie,  1975.  J. Physio!.  London.) 
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Fig. 12. Effects of a single period of hypoxia on the coronary perfusion pressure and 
effluent AlP concentration. Flow rate was constant at 4.8 mll  min. Perfu-
sion  pressure  recorded  continuously.  Effluent  AlP  concentrations  are 
average  values  during 6-sec  collection  periods.  (From  Paddle  and  Burn. 
stock.  1974,  Blood Vessels,  S.  Karger AG.  Basell. 
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Fig.  13. Emission  of light from firefly extract on  addition  of cells  resuspended  in 
either:  A.  oxygenated or B,  nitrogen-equilibrated buffer solution.  pH  7.4. 
Each signal represents amount of AlP extruded after cells had been in con-
tact with respective buffer solutions for 30 sec. at 37°C. (From Forrester and 
Williams.  1977, J.  Physiof.  London). 
Conclusions 
It now seems evident that active skeletal muscle, cardiac mus-
cle  and  brain  tissue  release  significantly high  concentrations of 
ATP  into the extracellular space  to affect profoundly the  local 
blood flow.  A residual amount of ATP and  other nucleotides is 
most likely to reach the general circulation and indeed nucleotides 
have been  detected  in  the human  circulation  as  long as  5 min 
after whole body exercise (Parkinson,  1973),  The question then 
arises:  can  circulating nucleotides and  derivatives released  from 
active skeletal muscle achieve levels in the arterial blood sufficient 
to  affect cerebral  metabolism?  Is  there  some  substance  to  thE 
adage 'mens sana in corpore sano? It remains to be determined 
what proportion  of derivatives,  or the  nUcleotides  themselves, 
can survive passage through the lungs. Some preliminary data in-dicates that if A  TP is infused in high enough quantities into the 
pulmonary artery of baboon, micromolar levels can be sustained 
in the  arterial  circulation  without obviously  compromising  the 
general  circulatory welfare  (Evans,  Forrester  &  Mueller,  1978J. 
Other effects of circulating nucleotides are well documented and 
recently the uptake and supply of purine compounds by the liver 
has been emphasized (Pritchard, et  al,  1975J. These findings pro-
mpt the suggestion that there exists a system of 'metabolic com-
munication'  in  the body  mediated  by  circulating  purine  com-
pounds. 
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Implications for the future 
The evidenc·  presented leaves us with an outstading problem 
that is difficult to interpret within current concepts.  How does 
ATP traverse, or act beyond, the cell membrane? 
The clearest evidence of release of A TP  from (or through) an 
excited membrane has been provided by Israel, Lesbats, Meunier 
&  Stinnakre (1976),  They have demonstrated very elegantly the 
release of A TP in response to single nerve impulses applied to the 
electric organ of torpedo. A diagram of the experimental set-up is 
shown in Fig. 19. The electric organ can be regarded as a gigantic 
motor end-plate without the underlying skeletal muscle element. 
It is supplied by a cholinergic motor nerve. Israel et 81 stimulated 
the motor nerve and recorded the post-synaptic response from 
the electric organ. At the same time they arranged for the surface 
of the organ to be perfused with extract of firefly lanterns. Figure 
20 shows the response of the superfusing firefly extract to Single 
stimuli  applied  to  the  motor  nerve.  A  discrete  light  signal  is 
recorded for each nerve impulse, even in the case of three nerve 
stimuli delivered in quick succession. The post-synaptic source of 
this A TP  release  was  demonstrated  by the  fact  that  the light 
signal became diminished when curare was applied to the synap-
tic juction via  the superfusate (Fig. 21), The drug eserine, an an-
ticholinesterase, had the effect of enlarging the light signal, (Fig. 
22) indicating that the release of ATP was associated with activa-
tion of the acetylcholine receptor and subsequent depolarization 
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of the post-synaptic membrane. This point was resolved neatl'( by 
blocking  the receptor with curare and  then  superfusing a  ~ligh 
potassium solution to produce depolarization of the post-synaptic 
membrane.  A  light signal was produced  by this maneuvre, in-
dicating  that the  A  TP  release  was  associated  with  membrane 
depolarization  rather  than  with  activation  of  the  cholinrrgic 
receptor. 
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Fig. 15. Emission of light from eKtract in response to a cell suspension eKposed alter-
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posure of cells to hypoxic buffer; Ibl, response after cells had been """meet 
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Fig. 15. Effect of stimulating isolated guinea-pig neocortex on output of 14C·labelled 
derivatives  of adenine  into media  lacking  oxygen.  The  tissue  was  pr. 
incubated in oxygenated salina SOlution containing 14C  ••  danine. Arrow in· 
d,cates when hypoxic buffer was applied. Hori10ntal bar indicat.ls period of 
Itimulation at 32 Hz.  for 2 min IVI. oxygenated solution; loll.  hypoxic solu-
tion. Note thatltimulation + hypoxia produce great out  flux of label. IFrom 
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(Mean  ±  S.E.I.  P values  obtained  by comparing  test effect with vessel 
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We are  left,  then,  to speculate about the mode of release of 
ATP  from  depolarizing  membranes.  Two possibilities  suggest 
themselves at the present time. 
The first can  be considered within current concepts of mem-
brane  structure  and  takes  into  account  the  protein  moieties 
'floating'  within  the  lipid  bilayer  (Singer  &  Nicolson,  19721. 
Alteration  of.  protein  configuration  during depolarization  of the 
membrane may  release  ATP from certain  ATP-Ca-protein com-
plexes in  the membrane.  The existence of these complexes was 
proposed  by  R.J.P.  Williams  in  1959  end  there  is  now much 
evidence  to  support  his  view_  Indeed  the  action  of  calcium 
chelating  agents  such  as  EDT A  and  EGTA  on  exitable  mem-
branes  is  to increase the levels  of A TP  in  the  bathing medium 
(Koketsu  & Miyamoto,  1961;  Kuperman,  Volpert  & Okamoto, 
1964;  Forrester &  Williams. 19n). 
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Fig.  19. Experimental set-up to measure post· synaptic release of ATP  from electric 
organ of torpedo  Firefly extract is  perfused over the surface of the organ 
from  a  pipette  (p!.  Thread  tt)  stabilizes  pipette  and  tissue.  Nerve  (n) 
stimulated  through silver-silver  chlOride  electrodes  (st!.  light signal  from 
firefly  recorded  by  photomultiplier  tube  (p.m.!.  Post-synaptic  electrical 
response recorded with platinum electrodes. (From Israel.  Lesbats. Meonier 
and  Stinnakre. 1976. Proc.  Roy.  Soc.  B  .•  London). ~  .11 
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Fig. 20. Release  01  ATP  after single nerve  impulses.  Cal  lower trace:  oscilloscope 
record of electrical response Cpost-synaptic)  to a single stimulus applied to 
the nerve;  upper trace:  intensity of the p.m. current due to light emission 
resulting from the reaction of ATP with the firefly extract.  Cb)  Responses to 
single and  triple stimulation  01  the  nerve.  COifferent  preparation).  Upper 
trace: light emission; lower trace: electrical responses. Time constant 01 the 
light recording system was 110 ms.  CFrom  Israel et al.  19761. 
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=ig. 21. Effect 01 curare on the release of ATP. la). control. Ib). after about 80 min in 
5 x  1O·4M curare.  Ic).  concentration  of curare  increased  to 10·3M.  Note 
rr.arked diminution of light signal indicating depreSSion of A  TP release post-
synaptically.  CFrom Israel et aI,  19761. 
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Fig. 22. Effect 01  eserine.  an  anticholinesterase.  on ATP release.  (a), control.  Cb), 
same preparation 15 min alter eserine 110-4MI. Slow time base on the lower 
traces shows  the augmentation of ATP  release  in the presence of an an-
ticholinesterase.  CFrom Israel at al.  1976). 
(Forrester, Harper &  MacKenzie, 1975. J. Physio!.  london.) 
The second possibility requires a radical change of our views 
concerning the nature of the excitable cell membrane. For many 
years a group of workers. led by Ling. have maintained that there 
is simply not enough er;1ergy available to run ali of the postulated 
"pumps" in the cell membrane (Minkoff & Damadian. 1973). Ling 
has proposed an association-induction hypothesis which regard!; 
the cell  membrane as having a minor role to play in maintainin(,' 
the  intracellulor environment.  It is  proposed  that  the  physical 
state of the cell is maintained by protein-ATP complexes occurr  .. 
ing  at  various  cardinal  sites  and  that  the  high  intracellular 
potassium and low intracellular sodium levels result from adsorp. 
tion of these ions to the protein without consuming energy (Ling, 
1978), 
Elucidation of the A TP  release  mechanism  may advance  OUI 
understanding of the relationship between a cell and the externa! 
environment. 
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162 Commentary  - paper 20. 
Although  the  concept  of ATP  coming  through,  or from, 
depolarizing membranes  was  still controversial,  evidence 
was  steadily accumulating that this was  a  normal  response 
to  oxygen demand.  A significant paper was  produced  by 
Paddle & Burnstock  (1974,  reference  in following  paper) 
showing that ATP  appeared  in the  coronary  sinus effluent 
from Langendorff  perfused guinea pig hearts.  These  isolated 
heart preparations do  not  perform the  normal  amount  of work 
since  the left ventricle does  not  beat against  a  constant 
'afterload.'  The  following  paper describes  the  appearance 
of ATP  from  a  working heart preparation in which  the left 
ventricle beat against a  controlled pressure.  Obviously 
the viability of such  a  preparation comes  into question, 
much  in the  same  way  that the  sartorius muscle  preparation 
had  been criticised.  A  considerable  portion of the  results 
and  discussion sections dealt with  the  aspect  of adequate 
oxygenation.  Probably most  crucial is the fact that  a 
considerable  proportion of oxygen  in the  perfusate was  not 
being  taken up  by  the  myocardium,  indicating satisfactory 
oxygenation for the ventricular work  being done. 
Finally,  in this paper a  model  for the  roles  of adenosine 
and  ATP  in the  local control of myocardial blood  flow  is given. 
Recently  some  doubts  have  been cast upon  the  role that adenosine 
might  play because  of experiments with  theophylline  and  amin-
ophylline.  These  compounds  completely  inhibit the  vasodilatory 
action of adenosine  on  the  coronary arteries and  other tissues, 
but  do  not  inhibit the  dilatory action of hypoxia or ATP. .J.  /'"y.iol. (IU"O). 312, Pl'.  14:!-lr." 
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APPEARANCE OF ADENOSINE TRIPHOSPHATE IN THE 
CORONARY SINUS EFFLUENT FROM ISOLATED WORKING RAT 
HEART IN RESPONSE TO HYPOXIA 
By ~l. G.  CLEMENH· ANi) T. FOltHEHTEH. 
Prom the  Departm"71t of Ph!Js1:o1o!l!J,  Saint Loui8 l'  nirf'r8ity Sr,hoo[ of Medicine, 
1402 South Orand lIou/f'.vard, Saint Loni8,  J1i.~8()uri f).JI04.  U.S.A. 
(Rer,fim·r/  :! I  Jfay 1980) 
HUM.MARY 
1.  A  working rat heal't preparation was used t.o  study the release of adenosine-
5'-triphosphate (ATP) into the coronary sinus effluent in  response to hypoxia. 
2.  The left.  ventricle was set to pump against an hydrostatic pressure of 65 COl 
water; the left atrial filling  pressure was kept constant at 10 COl  water. The power 
out.put of the heart at these pressures was eI'!timatcd to be approximately one half 
of t.he  maximum power development. 
3.  Samples for ATP aHsay  were collected  (a)  :~o Hce  before onset of hypoxia, (b) 
()(}-90 sec after onset of hypoxia, (c)  5 min after restoration of oxygenated buffer 
solution.  Hespective  concentrations  of ATP  were  (nM±s.E.)  0·63  (±O'18),  4'70 
(±0'39) and 0'63 (±0·06). The total amounts of ATP detected were (p-mole/min) 5'9 
(±0'9), 46'1  (±6'0) and 5'5 (±  1'2) respectively. 
4.  Viability of the hearts was judged to be satisfactory on the following grounds. 
Alterations in  left.  atrial filling  preHHure  produced typical Frank-Starling rtlllpOnSes 
of the left ventl'irlc. Oxygen extra(~tion from the perfwiI1te in(:rcascd in  resi)onse to 
increased workload. Coronary blood flow  increased immediately upon introduction 
of hypoxic conditions and mechanical recovery from hypoxia was always complete 
within 5 min of restoring oxygen. 
I).  in  view  of the  marked extra('f'!lular  ATPase  activity  it  is  ("'oneluded  that 
significant.  vaHodilatory  f'oncentratiollH  of ATP are  released  into  the myocardial 
ext.racellular space in  response  to hypoxia.  A  scheme is  proposed dmwribing  the 
possible role of adenirw lllwlcotides in  the l{Jeal  eontrol of myocardial blood flow. 
INTHOD{'CTIOK 
Adenol'line-5'-triphosphate (ATP)  hltH  long been  known  IlH  a  powerful dilator of 
coronary arteries (Fleisch & Weger.  19:n; Folkow, 194fl). It is 4 timcH  more potent 
in  this rcspect than adenosinc monophOHpll1lte and adenO!-line  (Winlmry, Papierski, 
Hemmer & Hambourgcr. l!I5:J; Wolf  & BertH"  I  !J56). Milch e"idence haH accumulated 
...  Pfl'Sf'nt addre88: Yale U ni \'t~rMity H~ho()l of:\lf'di"ine, DI'IHtrt ml'nt ()fSllr~~'ry, :1:13 Cpdar  ~treet. 
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to indicate that ATP is released from "'edri('ally adive frog sk('letal muscle (Abood. 
Koketsu  &  ~liyamoto,  IH62;  lloyd  &  Forrester,  19(iH).  human  sk"letul  mus(']c 
(Forrester &  Lind,  1969;  Forrester,  1972;  ParkinsoJl,  19n)  and  ncrvou~ tissuc 
(Holton,  1959;  Abood  et  al.  1962;  Kuperman,  Volpc~rt & Okamoto,  1964;  Pull  & 
Mcllwain, 1972; Burnstoek, 1972). A partieularly clear demonstration of  ATP release 
from  (or through) an electrically exeit,ed  membrane has  been  provided  by Israel. 
Lesbats,  ~Ieunier & Stinnakre (1976). They monitored t he [lost-synaptic releasc of 
ATP from elcctrie organ of Torpedo dinwtly, using th(' sensitive lueiferin-luciferase 
assay  tpchniquc.  In  a  similar way  the relcase of AT!' frum  brain synaptosomes 
depolarizcd  by  elevated  extrasYllaptosomal  potassiullI  or  vcmtridiJic  has  been 
directly measul'lld  (White,  1  H77).  l'iorrw  indire('t evideru'(' has led  to the suggestion 
that ATP may erORS  the cardiae cdl IlIPmhrane  (F('dek~()va, ZiegelhijffN, Krause & 
Wollenbergcr, 1969; Zicgelhiiffcl', Feddpsova & fliska, In71) and also skeletal muscle 
membrane (Chaudry & Gould, 1  B7U) as th(' intaet mole('uie. 
Paddle & Burnstoek (1974) havp d('U1ollstrated the presence of  ATP in tlw ('oronary 
sinlls effluent from isolated gllinl'H-pig hearts ill respons(, to hypoxia. A similar finding 
was noted by Stowe, Hllllivan,  VahrH'Y,  l'icot·/  &  Haddy (1974). These hearts were 
perfusnd in the Langr~lldortf modI' Illld herwp the amount of work perfurIJl(·d by the 
musculature was very low and difficult to ass('ss. The  S(JUf('(~ of  ATP waH untieterrnim·d, 
but Paddle & BUl'rlHhwk discllss('d  th(~ possibility that' I'urinergic' nerves might giw 
rise  to sllt'h  concentrations in  thl'  ('oronar."  sinus efIiuent,  Release of ATP from 
isolated heart cells in  response to very brief periods of hypoxia has been recently 
measured (Forrester &  Williams, 1977), indicating that one source of ATP was the 
hypoxie myoeardial cell, 
The purpose of the present experiments was to test the coronary effluent for ATP 
from  a  working  heart preparation.  Suc·h  a  preparation  was developed  by  Neely, 
Liebermeister, Battersby & Morgan (1967) and is  particularly suited for the study'" , 
ofmyo(~ardium beating against a norrnalload. Perfusion of  the coronary vascular bed 
also  be(~omcs similar to thc situation in vil'(). The work of the heart C,An  be  readily 
calculated and the mpt.abolie statp can be aHsesscd  by measurement of the oxygen 
extraction by the myocardium. 
A preliminary aceount of some of these rC!'lUltH  has alrf~ady appeared (Clemens & 
Forrellter, 1979). 
ME1'1I0I>S 
A 7'J>  U.,~lia,ll. Tlw AT!' ('Olll'('ntmtion of [hI' ('orollllry HillUI< !'fllu!'Jlt WW! det.ermined by thl:' fireRy 
lumiJlt'H('('/lI'('  tl'('hniqul'  ul'scrilwd  b,v  Htrt'hlpl'  &  l\1d':lroy  (111:,7).  Two  modifiC'ati'JOI!  of  thi~ 
proct'dure were 118ed  in different Ht.ril·s of l'xJlpriments. In all ('aH  paradox exp(-rirnpnts the assay 
was carried  out as modified  hy  l?orreHlcr  (1072).  In  tlw exrwrilllt'ntl! dealing with  hypoxia the 
procedure de8erihed by ~min8ky (Hl74) Wlllllldol'tl'd in order to ItHHlly  very low eoncentrations and 
al:m  to allow  for any alt€rll.tions of fluici  composition  in  its intravascular paHRuge  through  the 
myocardium. Hilin!!ky  IIhOWt'd  tllat this "wt hod  J,!;ivt's  n·produl'ihlt· results dl'sfJitt' difft'renceH in 
lift·ll)' ('117.)' nil' Hf'llsitivily lind le\'l·l" of inhihi I ion  hy hulfpr (">I1sl it U('fltH.  TIll' tin'lly  lumines(~tmee 
waH  continuouHly nlOJlitort,d  before, dllrillg Illid  Iii Ht'e  afu-r additioll of the sinuA effluent sample 
by ullt·Olllali(' pipetlt'; this makt's it llJlJlI'I'f'HHary  to aHHlIlIll' that tlw JIlagnitude of the baekground 
signal is a  constant. Aliquots of I  101.  of coronary sinus effluent wpre n,mo\'pd from the ('ollf'eting 
tul)l' afl(ll'la('cd in a  t'hillt'u mi('fofugp til hI'  kt'pt  Oil iet'. Kampll'H WPftl "tored at U °C until assayf'd 
for ATf'. Several vials oftireHy lanu'rn I'xtrad (KiJ,!;/Ila  FLE ;'0) wprp each reeonRtitutl'd with f)  ml. 
deioni7.f'd  distil!t'd  watf'r;  all  vials werp  poolf'd  to give  lin  hOIJHIW'neous  ~uRpen8ion of f'xtract. 166 
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Throughout thf' duration of ILssays tlw poolt,ci HusJ)f'nf.lions  Wf'rp  kf'pt  Oil  icp to prevent any loss of 
activity: 0'4 Ill!. of extract was pipett£'u illto quartz lIIier()('uvl'ttt'H whieli wpre placed in a cuvette 
carrier and  then  into the light-tight sample housing of tht'  photomultiplier (P.M.)  tube.  After 
positioning  Hw  cuvette  in  front  of th£'  tube  windows  and  rendering  the  housing  light-tight, 
1400-1600 V DC were delivert'd across the P.M. tulw. The  ha(~kgroulld light signal WaR recordt'd. 
0.25 ml. of sinus effluent was then added to tht' firefly t'xtraet through an inje(·tion port in the lid 
of the housing. ThiH  results in  an immediate fall  in light signal illu'nsity. presumably eaused hy 
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Fig.  I. Dose-response relationHhip filr ATP using tirplly IlflHay.  (e). values before atlsay 
of  t{'~t  solutions;  (x).  valut's  Ilftf'r  assay  pro('eduw  (ahout  4  /ir):  Calibration 
uliih  =  (810-S,)/SIl'  wherl'  8 10  =  height of Hignnl  10 s('c  aftt'r  injl,(,tion  of Hamplt' . 
•  ..,',  =  Iwight of inhibited  Hignal  and  8 11  '= height of bal'kgrlJund  Higllid.  Ahst'i!iHlt  s<~a.lt' 
shows l'IUlgt,  "t'twt'en 10-9  and  10-0  M. 
somt' inhibition of thp IUeiferin-luciferllHtl reaction. Tlwll followM  1.1  ris.' ill  light signal eauHt.d hy tilt' 
ATP-dt'pt'ndt'nt  light produdion  (1'It't1  SilinMky.  11174.  Fig.  2).  Till,  /lctual  signal  intt1l1~ity  waM 
obtainpd by .!Ubtraeting Ilw levt'l of inhibition illllllt',jiately ff)llowin,l.(  sample injl'etion frolll  thl' 
liEl'ht  t'miMliioll !lignlll  10 Ht'e after injl'etion, Jf any vllrilltion in hackgroulld signal occurred during 
all aSMIlY  run, all value!! wert' Mtandardi7.!'d by dividing by thl' intoenHity (height) of the Laekground 
signal. Calihration stllndardH with AT!' ('on"l'lItrlltiolts "I' 0'5.  1'0,5'0 alld  10 nM  were rlln at thl' 
hegillning  and  end  of eaeh  allil/l,ving  !\,'s!iion.  SlImplt'  (,on(,l'ntrations  werl'  detl'rrnirwd  from  a 
"tandard tlOHt~-rt'lipon!'4e curve (Fig. I). Concentrations down to 5 x H)"  10  M  ('1111  be reliably dptectl'd 
by this md  hod. 
Working hmrt preparation. A llIouifiel1tion ,.1' thaI d""lTiht'd by ~('dj' rt rIi.  (1 !lti7) WIUI used. This 
modI'! diff('r", from tlw Lllngpndorff perfusf>d heart in  that the It'ft \'I'ntrid  .. is n'quin'd to pt'r/iJrm 
work  again~t a  COli trolled uftl'r/oad (Fig. 2). Tht' Ipft atrial filling  preRSlIrt'  is set hy the height of 167 
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an overflow ('hamlll'r,  Fluid is  hytiroHtatil'ully "ropplled into tllP atrium and pa:,jill's  through tllP 
openin!l: of thl' mitral val  VI'.  r!'sulting in  If'ft vl'ntricular diaHtuhc filling and subsequent systolic 
ejpetion against a column of fluid spt at a  prf's!!ure fit·terminl'd by th!' h!'ight uf the upp!'r o\'erflow 
cham  her. The  apparatu~  eontuiru·d Jlundll·1 oVf'rflow f'hamill'r" and Jl('rfusion lines on both th(~ atrial 
and aortie sidl'" (1101,  1<hown  in  Fig. 2),  TIlt' utrial and aortic pNfuHion Hy!!temll  could  be  rapidly 
changt'd hy stopcoeks Hituatl'd c/Oi'll'  to till' heart.  Both at.rial  overflow chambers and om' aortic 
chamber Wl'f(' tilled  hy Ii peristaltic pump from  rf'1<erVOirH  k"pt in a  water-hath set at 31:1 °C. The 
o,,!'rtlow frulII eaeh chlimh"r waH  /'t'turned to its f/·speetive perfwlIlte re!!prvoir. The overfluw from 
thp Ilortic ('hambt>r ('ould he  c()lJe('t~·d to quantify aort.ic output, Gluss microfihre fillers  with an 
ptfeet.ive rptpntion of 1  '6 pm werp plaf'l'd in I'!lf'h pl'rfusion system to /'I'IIlOVe ILlly partieJt·s (i,e, CaC03 
prpl'ipitl\tt·) that might l'olllprorniSi' coronary Ilow,  In tlw Ca2+ pUl'Ildox I'xptlrirnellts the pulmonary 
arh'ry wus ('ut ILnd  til!' ('orolHlI'Y  sinu~ ('mlll'llt allowI·<I  t.o  rUII  d,," n  tht· "picardial  ~mrfa('t' of the 
Iwal·t  for  sample  l'ollt·dion.  In  tht'  hypoxia  "xpt'rirnplltH  and  in  all  experirnt'ntll  in  which  O2 
('on><uJIlption  \\'a.R  trlpaHurpd,  til<'  pulmollary  art"I',)'  was  l:llllnlllllt"d  to avoid  l'ontarninatioll  by 
dlll11ll!!:pd  tiHSUt' or rool11ltir, TIll' ('anlluI" was "I'('ul'l'd din·dl.v ov('f' a frllction colleetof for ('olleet.ioll 
of ('oronal'Y sinull ptllUPllt, 
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Fig. 2.  Silllplifit'd I<dH'UW of working Ilt'llrt  preparation tnotiifi"d aftpr l'il'ely I'i (11.  (19fj7), 
Lt'f't  v('ntrieullIJ'  Ilftprload  1<p\  by  hl'ight  of o\·"rfluw  chal11hl'r,  Coronary sinus l'fllul'nt 
I'olll'd"d from ('lllllllllntl'd pllirnolillry tl'Ullk, O2 "ll'etrodps (<29)  plal't·d in cannulae to Ipft 
atriulII  and  from  pulmollary  trunk.  ()t  dl'livpred  to  pl·rfw;ate  just  below  presfmre 
"'lam  hN + hll hbl" tra p, 
Till' />t'l'fIlHioTi solution UHl'd fi)r all pXPf'I'illll'lltS was Ii Illodifif'd K rt'hs-Henseleit hiearbollate hllfft·f' 
of tilt'  lillJowin)!  l'OlllpoHition  (1Tl~t):  NIlC!.  I IS;  KC'I,  4'/: :\1gS0.,  I':!;  KtHPO«.  t·:!;  Caela,  ;Ni: 
:\' aH ('OJ' 2.'l; I«IUCOSl~, 11'1 . The hum'r WILS PI Jll iii hratf'd with !Ii) '\, °2 : 5 0,;, CO2 Ilnd the pH arijuMtpd 
to  7'~±O'OI with  I  N-I'\I\()II. 
M"(ls,trpmpnl of hit W7Itrirular  worK,  TllP 1Ilf'I'hanil'lll work fll'rt(lC'med  by the Ipft ventriclt'  wa.~ 
dl'tel'lnirwd  frolll  th(1  ('([rdiar  nutpul and  (lorlir 1)rp,'iHUrp,  Tht' cardiac output was  measurpd  b~' 
('oJJt'('ting the output fro/l] thp aort.ic on'rHow ('ham""r in a graduated C'ylindpr for 60 Sec intervals, 
To thi:;  Illllount  waM  addt'd  th!'  ('orllflary  flow  to j;{ivl'  total I:ardiac output. Aortic pressurt'  wa~ 
monitorpd with lot  1'it.llthlllll  prpSRurt' tram,duf't'r di,.;played on It Grass polygraph, Hl'art rates were 
dt'IRrrnim'd hy visual ('oulltinK "f Jlulse pl't'sHurp wan's at a  rapid ('hart spt'ed, Ril1('e  preload and 
aftpdoad  w('rl'  held  I'ollstanl.  norti(' puisI'  prI'HHUf'('  wall  normally  Il!lt'd  as an  indication of left 
\'I'nlril!ltlar '('ont.rnrtility '.  In  SOllll'  f'Xpl'rifllf'ntH  wht'rl' hellr! ratf' altert"d, a  PI'cllsun'-rate index 
(l\oha."!lHhi &  :\pt'ly, IH7!»  Wll,~ W'f'd  I() f'li III i I  1It1 I' PIT"r fro/ll tl,,' Frank-Starling I·fler! f,finerf'ased 
diustoli('  tillil1~  tinl!' dllring  hrndYl'ardia,  L"n  Vf'ntrieulur mh' of work  protiul'tion (pow!.r)  wal! 
I'alc-ulatpd  lIsing  thl'  j'>rJrllllllf'  of  Kallnl'ngil':;"l'r.  Opip  &  Vall  der  \Vl·rtf  (1979).  Thi~ mpthCX; 
('Olll/Hltl'!; lJfI'''8UI'I'  1'''\\'1'1' lind killl'/ir flOWN  by 1111'  following ('<I"lltions: 
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pressure power =  0'002222 x Ps x eo, 
.  .  I  pC()3  T 
kmetlc power =  432 x 10' x -::41 X TE' 
where~ = peaksystolicpres8ure,CO = cardiacoutput,p = density(t gmjml.),A = crollS-sectional 
area of aortic cannula, T =  cardiac cycle time and Tg  =  ejection time. 
111easurement of coronary flow.  The output of the right ventricle was taken as an indication of 
approximately 95 % of the total coronary artery flow. It does not take int,o account that portion 
of coronary flow  draining directly into the left ventricle via Thebesian veins. This was colleeted 
from a cannula securely placed in  the cut end of the pulmonary artery in timed fradions with a 
Gilson escargot type fraction collector. 
Coaxial cable 
C  u wi  re'-I---h£.;J'+j 
Epoxy 
Acrylic rod-
Ag-AUCI 
Glass 
capillary 
Hg'-I-----H4 
Electrolyte 
P  t  wi  re---t---i'-tl 
Polyethylene 
film 
At)  Pt 
100 Mn 
+6·2 v_"""~  .. 
>--,----4  Output 1 
0--150kl! 
>--.---.  Output 2 
0-150 kn 
Fig. 3.  Construction and circuitry of 0, electrode (Mel"  text). 
OxygP/1 electrode construction. A modification of the method of  Clark (H)fi6) and Staub (1961) was 
used. The housing contained both the platinum cathode and the Agj  Agel reference anode (Fig. 
3). Approxirnat...Jy I em of25 pm diameter Pt wire (Medwire Inc.) waH s\r'ipI'ed of its Teflon coating 
and placed ill  the end of a glat!!! capillary tube. The Pt wire tip waH  then liE'al.·d  into a glallS t.ead 
by heating in  a  burner flame. The capillary tube was then filled  with mercury and a fine  coppt'r 
wire then inserted, making electrical contact with the platinum wire through the mercury.  fhit! 
copper wire was then soldered to the centre strand of a coaxial cable. Approximately 5 cm Ago  wire 
which had previously been coated wit.h  AgCl by electrolysis was then Moldered  to the outt-r sheath 
of tht' coaxial cable. This whole aAAf'rnbly  was then insertt'd into the milll'd core of an acrylh' rod 
so that the glass bead containing the platinum wire protruded ahout t mm beyond the tip of the 
rod.  Tht' ba8f'  portion of the rod  wal!  then filled  with acrylic softl·nl·d  with ethylenl' diehloridtl, 
Ext.rl'llw ('aution Wd.1l  takl'l1  to ('l1l1ur" no i'lcetrical I'ommtlllieation III·twI'l·n  the central ant!  outl~r 
stranus of caLle. The gl&1!8  [wad portion wal!  then I(ently ahra<h·d on no. 400 emery paper \letted 
with a 3 M  solution of KCI  until the rt'sistance between the central strand and any probe  pla.c~ed 
in the KCI  solutioll was no  lon~t'r infinite. The cavity in  the tip of tilt' acrylic rod was then filled 
with saturated KCI solution and the tip coverl'd with Jlolyethyll'nl' film  (Glad Wrap-Union Carbide). 
With the electrodes filled with electrolyte, a resistance between the strands of  cable of about 60 kn 
indicated intact electrical connexion between the Pt cathode and the Agj  A,.,rf)1  anode, with no low 169 
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",Hist al1(,t' short dreuitR in t ht' halit' of t Iw I'It'ctrOlIt'. Only th~' 02-st'n~it ivt' tip of tht' eleetrolie cam" 
in contad wit.h tht' Iwrfusion fluid whil'h How,'d past the elpetrol/t' tip. The output of tht' ell'droJ., 
was amplifit'rl  by ,\  two-t'hannl'l opI'rational amplifier  currt'nt·to-volta~1' cireuit !'imilal' to that 
rlescribl'd hy I..aForel' (1H6i). It  l'ol1~istl'd of a  fil'ltJ  elft'ct  tralH;i~tor operational amplifier (input 
impedulwt' IOU il) with 7.t'ro st't by 1\ 'hueking' ('urrent at the input, !lnd tht' output spt hy a variablt' 
resistanee in tht' fet'd-baek loop. 'fht' eathodt, is polari7.t'd to -0,7 \' hy a 1'4 \' H" cl'II and a voltage 
dividt'r drl'uit (Fig, 3). Tht' amplifit'1' drcuit proriu('t'd an uutput of 0'2-0'8 V for 95 % O2  saturat~d 
with water vapour at 37 °e. 
j/eflSllrement of O2  ('on,~umption, The eon~um  ptiofl of O2 by thl' working heart was dt'terminl'd 
from the dilft'rence in Po. hetween bufft'r entering the heart (artf'rial perfusion linp) and that of 
the eoronar.V f;inus eftlut'nt. 02 It'l1!tion  was l'onHtantly monitol'ed by lhe Clark-type platinum O2 
('athode de!!I'rillt'd ahovl'. This waH mountl'd ill  1\ How-through ('hamlll'r kl'pt I~t :18 0(: with a watt'r 
ja('kl't. 'flit' ('url'l'nt rl'Hulting from the rl'dlll'lioll of ()2  I~t th  .. l'athodp was amplitit'u anti I'onverteu 
to Il  voltagl' t<ignal  by tht' laboratory l'OflHt rlld"1i high impt'dlllWI' (1012 il) elt'dromt'tl'r amplifier 
(Fig,  3),  Thl'  amplifil'r  output  waH  calihratl'"  with  Htallcllll'lj  gases  and  reeordt'u  using  a 
pott'nt iollll'lri('  rt'l'ordpr  ("'iHllt'r  Ht·,·o",IIlII).  I; ••  WI1M  c'ldl'ulatl·d  II""  multiplying  till'  difft·rene  .. 
Lwh"t>t'/1  intlow Jlo  (artt'I'ial) and l'orIHIIlI),  sillus 1'0. (VC'!lOUH)  by tilt' Holuhility of O2 ill  watel' lit 
37°C (2'7 x 10-6  mi, 0,  ,m!. HzO-I.mmHg-I). TldH giVI'H thl' totnl \'olume of02 eonHulnt'd per ml. 
l'oronary tlow. Totlll oxygt'n eonsullll'tI pl'r IlIilllll .. iH ohtllilU'd by Illultiplying hy tIlt' "orollary flow 
pt'l' minutt'.  l~l. for paeh ht>art,  was t>XPI'I'HHl'd  IIH  lit!.  min'· I . 100 j! WI'1.  wt-I 
81'11ill(1  lilllht h./'Ilrl prf'paratimt. Hpmgul'·Pawl,,),  I'Ilt~  (lfi(~·aOO g, I'itlwr Ht~X) wert'  I-!;ivpn  fiOO  u. 
Na 11I')llll'in  1.1',  tf)-·:l0 min  IlI'fort~ Hal'rifi('t'.  '1'111'  rllts wert' allal'Mt Ilt'tizl~d  with Na pentobl1l'hitoll" 
(O'4-t·O 1111 ..  cil'pending on sizl' of rat and body fllt  contellt). AI'  HOOlI  a:;  the rat. no longl·r showt'd 
an allllolllin111  Htl'Nc'h  rl'flex. a  skin in('iI-!ion  WIIS  made and tlw h"lll't  W/iH  I'xposed hy euttilll( out 
a  Hlt'fIIlti  flap,  The Iwart wall  lifted  Inallulllly lind frt'ed  wit II  OIl!' seissor eut. ThiH  fret'U  )lortion 
eClnsiHtt·t1  of hoth atria and Vl'ntril'll'H  phH!  thymuK and  portionH of lung tillSUl',  TIll'  Iwart  waH 
irnlnt'ciil1tely droJlpt>d into a beakt'r of  i('e-ehillpd Krt,bll-Henltdl'it hif'arbonate buffer solution, Tim  .. 
from initial thoracotomy inciHion  to pla(,ing IWlll't  in cold buffl'r was usually 10-15 I!I:'I<.  After the 
heart had  CC)OII~U and contractions et'ascd, it wal!  then deanI'd from exeeS!!  tissue and till' aortic 
and pulmonary !ltumpll identified and isolated. The aorta waH  cannulated (polyethylt'ne flared 
cannula) with a ligature placed around the aorta proximal to thp origin of  the braehiocephalic artery 
and perfusion ofthl' coronary artery hed begun immediately at 37°C (Langendorff mod!') from the .-
overtiow chamber set 65 ern above the heart. The chamber was supplied with buffer by a peristaltic 
pump: Once the heart rel!umed  spontaneou:s beating at a  stahle rate it was prepared for atrial 
cannulation. After further cleaning, thl' inferio!' vena cava and the boundary betwee!lleft and right 
atrium "'t're identified to avoid damage to the right atrium. A Hmall  hole in the feft atrium was 
product.'d  by cutting the jlln(·tion between 0111'  of the pulmonary veins and the left atrium. The 
!t,ft atrial cannula waH  thl'n  ill;!t~rted, It wa~ IIAlllllly  ne('e~Hary to rotate the aorta on its cannula 
to position the left atriulII to rec"ivt· the ('allnuill.  ~rhil!  J>rev~nt,('d excesl!i"e torsion on tit  ..  aorta 
whi('h Illight obstrul't tht' openings of thl:'  coronary arteries, TIll' atrium wa:s  then secuwd to the 
cannula with severalligEltlires whi(,h induded any remaining lung tissue and associlltf'd pulmonary 
vt·inH,  ('olllpe(t'lwy of the I'lulIIulation WI\H vI'ritil'c!  by opening till' lttopl'ock ill  tilt' atrial JJI'rfusion 
lille and observing dil!tt'lIllioli of the It'ft  Iluril~ular uJI)Jt·nclaj«' and a Hudden increnHe in aortic pulsc 
pn'HHur  ... \Vht'n the pulmonllry IlrtNY W/1H ('annlllatpd (~()mJ)t'tf'lIe(~ of the Il'ft atrilll ellnnulation was 
fUl'tllt'r \'l'l'ifil'cl by thl' II hHt'rwl' of Pl'ffUsllt.I'  11'1t!, in~ from thp IlI'art,  Each heart waH allowed to heat 
for at least 15 min in tht' non-working mode l)pfore left atrial fillinjl;  pressure was set at J() COl HaO, 
RESULTS 
\Vhcn  thl'  Iwrfwmte  of an  isolated  working  rat  hcar't  was  changed  from  an 
oxygcnated buffer to one made hypoxic by hubbling with 95 % N2 :5 % CO2 , there was 
a  t.ypical  rapid deelim' of aortic pulse pressure and often It  bradycardia (Fig,  4). 
Oeeasionally there was a eomplete los8 of pulse }Jmssun', J  n all cases cardiae output 
was severely compromised to the ext.ent that the aortic overflow ehamber had to be 
supplt>mcnted  by  a  parallel  rescrvoir to  maintain a  constant coronary  perfusion 170 
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pressure.  Upon  reversion  to  an  oxygenatpd  perfusate  aft{~r  a  ~o sec  period,  ~he 
mechanical activity su~adily improved to the eontrol level. This was the case e\'en 
in hearts that had completely lost the aortic pulse during the hypoxic period. 
Sampl('s of coronary foIinus  effluent for  ATP aSHay  were  taken  (1)  in  the 3()  ~ce 
control period before the onset of hypoxic perfusion, (2) 60-90 sec aft,er the onset of 
hypoxia, and (3) 5 min after the restoration of oxygenated buffer (Fig. 4-A). In four 
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Fig. 4.  A, recording of aortic pulse pressure from a  working heart prt'paration expOfled 
to hypoxia for a period of 90 sec.  Hamph~s  for ATP uRllay colll'etl'd ao  ~,~c before hypoxia, 
(iO-UO  tIe(· aftl'r onl:lt't of hypoxia and 5 min Itfter relitoratioll of  oxygl'nnted hufft'r solution. 
Note changf' in time seall'. Vertical scale, mmHg n, ('oneentrations (±  s. E.) of ATP in th!.' 
coronar." sinus t'fflut'llt from  four ht'artR.  P vahl('  illdi(~att's liignitieall('p from ('(Jntrol and 
I't'cm'l'ry  slllllplt's.  N.II.,  not Rignitielultly  diif.'rl'nt  from  control  (onl'  way  unalYloli:'!  of 
\,urian.',' U'Ht  III11'd). 
heartH, ATP was detected in the coronary effluent during the :m see before the onseL 
of the  hypoxie  period.  A  mean  coneentration  of 0'63  (±S.E. 0-18)  nM-ATP  wa~; 
dctcet.cd  in  the coronary effluent during the  period of 30 sce  before  the  onlSt~t of 
hypoxia; sumples  l'ollect(~d during the last 30 see of thc hypoxic period contained 
ATP, 4'7 (±  s. f;.  ()'39)  nM.  HCMtoration of oxygenated buffer aft(~r thc 00 sce hypoxi'l 
resulu'd in a decline ill ATP con(:entration and by fj min the level of  ATP had retumc(i. 
to ('ontrol levels of 0'6:1  (±  S.].:. 0'(6) nM  (Fig.  4- H). 
Total amount oj AT?  released. The total amount of ATP released into the ('oronal': 
sinus effluent is equal to the concentration of ATP multiplied by the coronary sinus 
fiuw.  The  coronary flow  was  measured  throughout the  periodH  of sampling and 
hypoxia and Fig. 5 shows the increase in flow  produced during hypoxie perfusion. 150  M. G.  CLEMENS A.V/) T.  FORRESTER  171 
In eight hearts the mean coronary flow  waH  Hignifieantly inereaHed during hypoxia 
(P < 0'05).  In  two  hearts the  coronary  flow  during  hypoxia  actually  decreased. 
However, in  those cases the aortic pube pressure became unrecordable; there was 
failure of ventricular emptying and distension of both ventricles was evident. It is 
likely  that this resulted in  a  combination of increased  intramural pressure from 
ventricular distension, and inereased coronary venous preHHure  from the deficieney 
in right ventricular emptying. In four hearts, the total amounts of  ATP before, during 
and after the hypoxie period wcre  (p-mole/min): 5'9 (±H.E. 0'9),46'1  (±S.E. 6'0) 
and 5'5 (±S.E. 1'2), respectively. 
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Fig. fl.  Coronary flow (±  s. E.) of eight working hpart preparat.ion!! during oxygenated and 
hypoxic period>!.  Significantly gl"f.'atflr flow in  hypoxia (P < 0'05, Student paired t tel:!t). 
It is  noteworthy that in  four preliminary experiments in  which the pulmonary 
artery was not ('annulated, but rather the coronary effluent was allowed to drip from 
the  heart through  the cut pulmonary  trunk,  the ATP contents during  control. 
hypoxia, and recovery periods wl're (p-mole/min) 26'S (±S.E. 6'6). 63'6 (±S.E. 10'3) 
and 25'3 (±S.E. 10'0). resp(l("tively. This relmlted in an increased total loss of ATP; 
nevertheless, the difference  in  ATP content between control and hypoxic coronary 
efliuent samples is virtually the same for both set8 of experiments (40'2 p-mole/min 
VS. 42'9 p-mole/min for un('anuulatcd). 172 
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Assessrnent oj hmrt 1,iability 
\\'hile the correlation between the risc of ATP eonc<'ntration in the sinus cffiuent 
and the development of hypoxia scems e1par-eut, nevert  hdesH the question of cellular 
damage,  and  hence  leakage  of ATP through  incompetent  membranes,  must  be 
addressed. All hearts used in this study fully regained control levels of aortic pulse 
pressure, but this cannot discount the possibility of membrane damage during the 
hypoxic period. It may simply indicate that thl' damagf'  was  reversible  and that 
membrane reconstitution was dependent upon a  renewed I'lupply of 02' 
Various experiments were  carried out which  together indicate that thes('  heart 
preparations were at an acceptable level of viability w hen ('om pared to those of  other 
workers. 
TABLE  1.  R  .. sponMe to incrclIll'ntal ehangl' in  Il'ft Ill-rilll  pff'HHllrt, 
Pf(·I(llltl  8 p  CO  !'ower 
(ern H2O)  (rnmHg)  (ml./min)  7;./'l~  W"  irK  (m\\') 
10  K8  (82)  19'2 (22-:1)  1'86 (2'2)  :1'7;; (4·()t»)  (HIIIfi (()'025)  3'76 (4'()H) 
15  UO  (87)  2H~  (3()·tI)  NO (2'2)  !i'5ji (5'B2)  (H 15H (/I'Otlli)  5'02 (5'!J8) 
20  92 (90)  :17'1  (39':1)  2'4() (2':!)  7'58 (7'86)  ()'14  (0'1 :19)  7'7'2 (lH)()) 
10  85 (85)  1  1)'8 (2:Hl)  :1'99 (2'2)  :1'74  (4' W)  00:1:1  (0-024)  3'77 (4Ik) 
/';1'(;01](1  heart. ",Hults in parenthf'R!'!1.  Diamf't~r of aortie cannula =  Hi!:!  01111. 
Sp =  peak Rystolic pressure; CO  =  (-arcliae output.; 7;,/T..  =  ratio of (·/trtliul· (',velt' tillw t(j I!jerti(/Il 
tim!';  n~) =  prellllure power;  Uk  =  kinl,tic powf'r. 
-- Di8play oj Prank-Btarlir/{/  rnp.chani8rn.  The  preparationH rapidly  rCHpondcd  to a 
change in left atrial filling pressure. Table 1 HhowH the rCimlts from two preparations 
in which the left atrial presHure waH rapidly changed in increments of 5 em H 20. The 
pulse pressure and stroke volume irwreased  to new  levelH  within :l-4 beatH  (heart 
rate = 200jmin). It can be sccn  that while the systolic JU'cHsllre  waH  only slight.l.v 
altered, t.he  cardiac output faithfully reflected the (:hangp in  preload, with kirwti(' 
work (W K )  being greatest at the greatest value of ('urdia(: output. 
Mea8urernent oj rnyocardial O~ consumption. The 02 commmption of two working 
heart. preparations was measured with the left atrial filling  JU'('HHUre  set at 10  and 
15 em H 20  and the aortic pressure Het  at fHi ern Hl). Advantagp WIIH  takl'll of the 
fact that the hearts arc Het  up in  the Langemlorff (non-working) mode of perfusion 
before insertion of the left atrial eannula and imposition of an uJterload on t.he  left 
ventricle  (see  Methods). Thus a  comparison  bctwecn  the O2  cOllsumption  ill  the 
:lon-working and working mock could he made Oil t.he  Hltrlle Iwart.s.  'I'E~"le 2  giv(~s It 
IUmlllllry of  the results obtained from two hearts tirHt set up in the non-working mock 
Lnd  then set to work at two left.  atrial presHures,  10 and  If) ('m  H~(). The !'Ol'onal'Y 
inu8 Po, ranged from  12:~ tu 209 mmHg, indicating an O2 extm(,tion 1I1U1'h  less thlln 
he maximum that can he aehieved,  HilH~e in vivo eoronary Hinus Po. is usually less 
han 20 mmHg (Keele &  Neil,  1971). Also, the hearts wen' able'  to inercllsl' thn O2 
xtraetion in response to an in{'rease in left atrial preload of  5 em H 2()' It iH thus likely 
hat  at  the  lower  workload  (10 em H 20),  at  which  t.he  ATP exp('riments  were 
crfortned, the hearts were adp<)ulltcly oXyg<!IllLtI'd. 173 
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TABU: 2.  Respon!le in two ilt'llrtl! to chan~p in lpft atrial pressurp at Zl'ro and 10 and  1;; em HzO 
L. atrial filling pre:;sure 
(em H 20) 
Coronary tlow (ml. mill-I) 
Coronary Hinut! Po, (mrnH~) 
I~. (ml. min-I. 100 g--I) 
~ol\-w()rkilll-(  Working 
(Lll.lIgl'ntlorfl) 
o 
j.'!. PHi) 
170 (20H) 
S':l (10':1) 
lO 
II··, (11'7) 
I!)  7 (I;':.!) 
12'!} (lu'l  ) 
15 
12'2 (11'4) 
12:1 (140) 
14'\1 (1!l'4) 
Coronary flow during perfu8ion with aqUl'0'll8 fmffer. In the control period of pf'rfusion 
the  coronary  flow  was  9 ml./min.  Despite  this  high  pontrol  flow,  h0wever,  the 
introduction of hypoxic buffcr pprfusion inel'cased the flow to 11'6 ml./min. (Fig. 5). 
The quantitative aspf'd of the adeqllltl·y of oxygen Huppl.y to the working heart will 
be dis('usHcd  later (see Bisel/sHion,  p.  15:l). 
C01nputation of the powpr output. Two experiments were l)(~rformed to calculate the 
power output of heartH  working at  diffen~nt  preload  levels.  The left atrial filling 
pressure (em H 20) was set at the uHual  10, then illcreas{·tI  to 15,20, and back to 10. 
The two equations derived by Kannl'ngiPHHf'r  PI.  al. (1\179)  W!,J'(~ used to compute the 
POWN oUtpUtH  (sec  MethodH,  p.  147).  Pressure can  be approximated either as the 
average  systolic  prpsHurn  (Neely  ~t  at.  1  Bli7)  or  ItS  the  peak  Hystolic  pressure 
(Kannengiesscr pi al. 1979), as done here. The former giv('H an underestimation of the 
pressure power whereas the latter giv(~H an over-estimation. 
The8(~ results can be compared with those obtained by KannengicHser et al. (1979) 
who found a  mean power output (mW) of 13·3  (±O'5) and 14'()  (±O.8) after 2 and 
9 min rcspcetively. The peak systolic pressure in their experiments was 163 as against 
85 mmHg in the present work. The significance of thiH eomparison is that ATP has, 
been identified in  the ('oronary sinus efIiuent from  hearts which are probably not 
excrting their full  power output. It  iH  noteworthy (Hee  Discu8Rion) that the working 
heart preparation produced almost eight times the coneentration of ATP in the ",inus 
eifluent in responHc to hypoxia than that demonstrated by Paddle & Burnstock (1974) 
in the non-workin~ hplut, and yet still haH  the capacity for further power output. 
ExhibitionofUa paradox. In 1966Zimmerman & Hiilsmann dCHerihed the occurrence 
of sarcolemmal damage when ea was restored to a heart previously deprived of Ca. 
This they termed  the  'eli  paradox'.  Experiments in  this  work  have shown that 
(i<'privation  of en  from  the  working  myocardium  with  subsequent  restoration 
abolished irreversibly the ability of the heart to contraet. In 8ix  heart preparations 
working at the u8ual  load (preload,  10 em H 20; afulrloa,d, 65 cm H 20), switching 
from the normal pt'rfuHion buffer to Cit-free huffer with  1 ml\I-EGTA caused los~ of 
mel'hanieal activity within :30 sec.  No activity was possible after restoration of Ca 
in  10 min. In two heartH AT]>,  7 and 10 11M,  appeared ill  the coronary sinuf? effluent 
after :10 and 60 scc ofCa-frep perfu8ion, respecti vely. These findings indicate that ATP 
may hc lost from th(· eel! (or mcrnhrallP) during the period ofCa restoration. The main 
point to he made is  t hat  thes{~ heart pr<'paratiolls rcsponded  lik(~ other myocardial 
preparations to ('1l-frP('  Iwrfusion,  probably indicating similar healthy membrane 
strudul'c. 17!} 
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DISCUSSION 
ATP  has been deteded in  the coronary sinus cffiu{'nt  from  the working heart 
preparation; upon  rendering the heart hypoxic the concentration  in  the effluent 
increased eightfold.  The total  amounts  relpased  during the  hypoxic  period  were 
calculated to be 46'1  p-mol/min. Ruigrok, Boink. Spies, B1ok,  Maas & Zimmerman 
(1978) report tissue ATP levels of 18'8 Jlmole . g dry wt-I for oxygenated isolated rat 
hearts; assuming 0·2 g dry wt.  per hl'art,  the total tissue ATP would amount to 
approximat.ely 4 Jlmole. The value of 4(H p-rnole thus represents a  loss of less than 
0'001 % of the total tissue ATP per minuu,. These rates are far below the reported 
ratm! of  de novo synthesis of  adenirw nueicot ideH in rat heart (Zimmer, Trendelenb.:rg, 
Kllmmermeier & C:erlaeh,  1973). 
It. is not possiblc to attribute the source of ATP to any single tissue in a perfu!;fon 
experiment suC'h  HH  the olle performed in  this work, although the formed clements 
in the blood <'HII he discounted since perfusion was with It saline solution. Apart from 
the  myocardial  eell,  ATP  could  be  rPicascd  from  nerves,  vas(~ular endothelium, 
vaHcular smooth muscle or some other ullknown Sourc('.  Paddlp & BUl'llstock (HrT4) 
sllggeHteJ 'purincrgic' nflrveR as a pOHHibility, although t.o dato therc is  no evidenec 
for the cxistence of Hueh  nerveH  aHsociated  with heart Illllsch  Pearson &  Gordon 
(1979)  have demonstrated selective releaHe  of adenine nllekutidps, ineluding ATP, 
from ('ult ured vascular pndothelial and Hmooth III UHc/(, ('plls in r!'HporlHP to 'poi(mtiaily 
damaging  Htimuli'  such  as  tr'ypsin  and  physi!,111  trauma.  While  this  reieaHc  of 
nuei('otides was not accompallied by perceptible (:el/  damage, it iH  likely that thl~se 
stimuli are considerably  more  severe than  1)0 see  hypoxia.  ATP  is  known  to  be 
--released along with catccholamines (Douglas, Poisner &  Hubin, 1965), and hypo:da 
may exacerbate this release from adrenergic nerve terminals. The previouH finding 
that ATP is  released from  isolated adult rat hnart cellH  in  rCHpOnS{!  to very brief  • 
pt'riods of hypoxia (Forrester & Williams, 1977) {'l('ariy indieates the myocytc· a~ one 
definite source. So although the proportion of A'I'P released iuto the eOI'onary Ainus 
effluent from  the myocyte is  unknown at the preHent time, it is  pl'Obable that the 
contribution is a significant one. 
The coronary  flow  rate  in  the  present experimentA  waH  markedly elevat,ed  at 
500 ml.  100-
1 g. min-I in the control period, suggesting that these preparations might 
be  hypoxie  from  the  outset. The  rate  of perfusate  flow  required  to  satisfy  t.he 
myocardial 02 demand can be readily assessed. Ninpc hlood iH approximately 3'(} tin!'!'; 
more viscous than aqueous 8olution, and How  is  inver8e1,v  proport.ional to the nl":'!t 
power of the viscosity (for straight tubes),  for any given  vaHculllr  resistance and 
perfusion preAsure the flow should he at least :N) timeH greater for an aqUtlOUH solutioll 
than for blood. If  we assume an in vivo O2 eonHumptiOlll'llk of Iii rnl. mill-I. 100 g'-l 
for  an atrial  tilling  preS8ure  of 10 ('ru  water, and  70 %  02 extraetion from  blood 
(Rush  Iller, 1976), then a ('oronary blood flow of 1'7  ml.  mill- 1 would bc nO{'c8sary to 
supply the oxygen requirementi'!.  III  fac:t,  the nW1l1I c'oronary )ll'rfusion flow  during 
the control perioos was ~Hi ml. ruin-I. Tlw vaH('lllar rpsiHtall('('  rp<Juired  for this How 
rate of  ([({t[fOIlS medium would give It blood ./ioll! of 2':1  fill. mill  I. Oth!'r ohHf.'rvations 
demollstrate t ha t  the Iwarts \mre satisfactorily oXygC'1I11t cd  t h l"Oughout the (:01111'01 
periods. First. introduction of hypoxic eonditiolls caused an  imrnndiau~ increasfl in 154  Jl. U.  Ct.f1JJlRN8 ASLJ 1'.  FO}UlE8TER  175 
coronary flow.  Secondly, the coronary Silllll'!  POI  rangcd  from  123 to 209 mmHg, 
indicating that a considerable proportion of oxygen ill  the perfusate was not being 
utilized. Thirdly. the hearts were ahh· to increase O2  extradioll in  retipons(~ to an 
increase in left atrial preload (Table 2). It is probable that at the low workload (10 cm 
water) imposed, the hearts received suffiei(~nt O2 throughout the control period. Thu8, 
although  the coronary  vasculature  is  more  dilated  when  perfused  with  aqueous 
buffer solution, the extent of this dilatation is moderate and allows further dilatal,ion 
t,o  take place in the face of increased O2  demand. 
The amounts of ATP appearing in the coronary sinus eflluent from working heart 
can  bc  compared  to the valueI'!  found  by  Paddle &  Burnstock  (1974)  using the 
non-working guinea-pig heart preparation. Although the guinea-pig heart is probubly 
larger than thc rat heart, for  simpli(:ity the same siw will  be  aHsumed.  A further 
assumption is that extracellular ATPase adivity remains ('onstant in both working 
and non-working prepara,tions. The mean flow rate for the lion-working vreparat:ons 
was 5'8 ml. min-I; the mean concentration of ATP in  the coronary effluent bdore 
hypoxia (90 sec duration) was ()'225 nM  and after hypoxia waH  0·67 nM  (paddle & 
i3urtlstock,  1974, Table 1). Thus the average total amount of ATP increased fwm 
1':1  to  :1·9 p-mole. min-I.  In  the  working  heart  tlw average  total amount in  the 
coronary effluent increased from 5·9 to 4tH p-mole. ll1in- 1  for the same uuratio!1 of 
hypoxia. Thus, the working heart releases mol'(' ATP than the non-working heart in 
the oxygenated f!tat<l,  It strong indi(,ation t.hat t.he  release of ATP ill coupled in some 
way to 02 demand. It is evident that the imposition of hypoxia upon the working 
heart provides a t;trong t;timulus for release of AT!'. 
\Vhen the role of ATP in the dilatory response is (:onsidered, it becomes necessary 
to asseSH  the actual amounts that are released into the extracellular space. Paddle 
& Burnstock (1974) showed that only 1 % of infused ATP was recovered in the sinus 
effluent. Thus we  can suppose that the concentrations detected in the effluent from I' 
hypoxic  myoeardium  represcnt  only  1 %  of the  actual  amounts  present  in  the 
pcrivat;cular space. This assumes no change in the extracellular ATPat;e.activity with 
increased myocardial work or hypoxia and also no account is taken of the surface 
ATPas(' aetivity of the myocardial cells (Williamson &  DiPietro, 1965). McCruden 
(1 BiO) demonstrated that the threshold of  coronary v Itsodilatation in response to ATP 
lay betwcen 6 x 10-8 and 5·6 x 1  ()--7  M entering rabbit coronary arteries; no allowance 
couhl be made for any attenuation of ATP by the vascular endothelium. Thit; would 
indicate that only a  threshold  effect  would occur with  4'7 x 10-7  M  concentration 
perivas('ulariy. However, reeent work has shown that eat pial veHsels have a threshold 
response  tu  ATP  at  10- 10 M  appli£'d  to  the  adventitial  side  (Forrester,  Harper, 
~flwKmlzie & Thofllson,  1979). Obvi(Hlsly 4'7 x 10-7  M  would profoundly affeet the 
t:llibre of the rCHistan('('  veSSelH,  provided the sensitivity of the two  tYJx~s of vessel 
to AT}>  were the Hame. 
The eightfold riS('  in  the amounts of AT!' released from the working heart during 
the  hypoxic  period  probably  I:!ignifi('s  a  major  role  for  ATP in  thc  vasodilatory 
response of the l'oronary arteries to hypoxia. The level!'! of ATP found in the effluent 
during the ('ontrol periods indicate that ATP waH  being eontinuoul:!ly released, even 
wilen  the myc)('urdiunl  was oxygenated. This may  tont ribute to the typical high 
. r('sting' flow rate found in myocardium. Continuous release of ATP has already been 176 
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observed in  thp solem; muscle (Forrester & Hamilt.on,  IH7:'j) which also has a  high 
resting flow  rate. 
Th('  comparative  roles  of ATP,  ADP,  AMP,  and  aden()si/l(~  in  the  control  of 
coronary  flow  arc  unelear  at  the  present  time.  Although  Udpllosine  haH  been 
implicated in the dilator response of ("oronary arter-ips to hypoxia (Berne, W64). the 
I  flter~ititlal space 
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Fig. 6. Schf'nw Rhowing propOHed  link betweflYl  an increft.llt>  in  llIyocardial workload ami 
dilatation of  local rf'lIist.anee Vf'HlleiH. lnerf'aHe of ml'mhranf' pf'rm/'ahility 10 1Ui''OoNin,' and 
ATP ill  tri~gl'red by lIornf' unknown meanR I.hrough t.tw .. 11'pl"t of tmnHi"ut hypoxia on th" 
el'" Illt'mbrllllf·. Although Iwrmf'ILhility of nwrnhrnllf' to Udf'1l0Hine  i~ W"uter, tiw l'0tt'Il.'Y 
ot AT/, ILlla  va.~odil/1tor ill the corollary eirculat.ion is greuter !.IIILn thlll. of  IIdt'noMirlt-' (W"lf 
&.  BernI', 11156).  Interstitial 8pal~ eont.ains ,~f"toA'I'PaseH whidl dl'phoHphol'ylat.e (~) (~) 
AT!'  to adt'nOMine  (i'l'arHOn  & Oor'don,  19711).  Not clt'pidt'd art'  ATPulI/'ll  which  flLe't' 
outward from the vll~('ullLr Hmooth mUIowll'.  Adf"II()~int. and ATP Iwt UpOIl pllrin"  rtoe"'plor:i 
J~ /Lnd  J~ r"~I/(""tivl'ly (BUrIlHtoek,  W71l).  HI'HidlllLl  ATP iH Hlo"ly dl'phoHphoryhLI.,,, ill 1.1", 
!.Iood 1,IaMllltl  ILlld  mon' rapidly dt·gnult·d (or tuken up) !'y till' t·rythruf:yte. AdelioMillf'  is 
filially diMtrihut./'d t.o ti"l<uf'1l unuhl  .. to."yntht·Hizl· tht' purine ring rnoif'ty til' 1UJ1!Q (Pl"it"hllr'd 
ei al. 1975). ~ot  tlhown iH th,· fUI"tlwr degradation of  adenoHinl' to inoHine and hypoxallthillt' 
in thl' int.·rHtitial and VILIiI'IIIIlI' l'nrnpurtml'lItli. 
hyperaemia associated wit.h  rnyt)("ardial  hypoxia is  not.  bloekcd by aminophylline, 
whereas  the  action  of adenosine  is  (Afonso,  Ansficld,  Berndt  &  Rowe,  1972). 
Furthermore, Oiles &  Wilcken (1977) demonst.rated that. the vasodilatory action of 
ATP upon the coronary eir(:ulatioll  iR  not blocked by aminophyllim  .. 
The reeent ('haractcrization of outward facing 5'  -nucleotidase in the perfuRcd  rat 
heart (Fl'iek &  Lowcnstpin, 1976), the demonstration of surfa('c ATPast.' activit)  in 177 
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rat ntyo(,ardial  (,pilI'  (\\'illiallll'on  &  Dil'il'tro,  l!l6fi) and  the ('c·to-ATPal'c·  activity 
dmwribed  in  porein(' vltseular endothelium and smooth muscle (Pearson &  (Jordon, 
1979) allow  thc~ following proposal with regard to the role of adenine nudpotides ill 
the loc'al  ('ontl'Ol  of Ill'y(wardilll  hlow flow  (Fig. 6). 
Adenine nueleotides and adenosine can all ad as vasodilators, AT!' being the most 
pot.cnt. compound. Inosille and hypoxanthiOf' do not have any vasodila.tory action 
(Wolf &  Berne, 195fi). Thp presenc~e of extracellular ATPILSC  activity sugg"sts that 
AT!>  rekased  from  hypoxic  myocardium  is  rapidly  hroken  down  by  stepwise 
dephosphorylation to adenosine (sce ciis('ussion  by Pearson &  Gordon, 1  B79),  That 
the vasodilatory ad  ion of adenosine, but not that of hypoxia or ATP, if:!  blocked by 
aminophylline makes it more likely that, the prirwipal vasodilator involved is ATP. 
Degradat.ion produ(·ts ('11I1  he t.akc·II  up lo,:ally hy t.he  myo(~llrdi/l1 ('Idl  OJ' distributed 
to thoHe ('clls t.hat ('annot. synt.hl'Hize the pur'inf' ring r/"  novo, sud) as pryt.hroc;yt~~s, 
l(·ucoeyt.cs.  bOlw  marrow  (,pilI{  and  ('dis  of  the  ¥ltstrointc'Htinal  mw·osa.  Hueh 
distribut.ion  can  t.ake  pla('e  cither  dirl·(·tly  in  t.he  blo(JdHtream  01'  via  the  liver 
(pritc'hard, O'Connor, Oliver &  Berlin,  1971»). 
SUI·h  findings  (J1l('I'  ILgaill  I'rnphasiw  the  fun<iampntal  problem  of how  ATP  is 
released from the: hypoxie cdl. It, is plausible to regard Ul(' illtrinsie membmnl~  protein 
as a soun:e of ATI' (1'11'('  Disc:usHion  in  Formst.er &  WilliamH,  1977). 'fhiH would mean 
that AT!' in the first  install('l~ came from.  the membrane rather than through it and 
implies  some  compartmentalizat.ion  of  AT£>  in  the  cytoplaRm  for  purposes  of 
rl'pil'llishnlPllt..  III  any event. phwidu tion of the release IlInchaniHm may furt.her our 
ull(krstanding of the behaviour of heart eell nwmhrlLlles expoHCd to low 02 tenf:!ion. 
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The  second Satellite Symposium  on  'Mechanisms  of 
Vasodilatation'  was  held  in Antwerp,  July,  1980.  This 
paper is the  response  to  an  invitation from  the  organizing 
committee.  The  problem with adenosine  and its action being 
blocked by methyl xanthine derivatives,  together with  the 
developing purinergic nerve  theory  proposed  by Burnstock, 
led to  the  unusual  (and  challenging)  title - 'Adenosine  or 
Adenosine Triphosphate?'  which  was  given to  this author. 
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Upon  reviewing  the  evidence  for both  compounds  it is con-
cluded that perhaps adenosine  has  a  role  to  play  in post-
exercise hyperaemia,  while  ATP  may  be  important  in ongoing 
exercise hyperaemia.  The  great potency  of ATP  as  a  vaso-
dilator and  the mechanisms  of swift extracellular degradation 
indicate  a  powerful extracellular system which  is kept  under 
strict control by  exogenous  nucleotidases. ADENOSINE  OR  ADENOSINE  TRIPHOSPHATE? 
T.  Forrester 
Department  of Physiology,  Saint Louis 
University Medical  Center,  Saint Louis 
MISSOURI  6)104 
182 INTRODUCTION 
It has  long been suspected that  the mechanisms  for 
local blood  flow  control may  vary  from  one  type  of tissue 
to another,  and  it is slowly  emerging  that local control 
mechanisms  may  basically differ within the  same  type  of 
tissue.  For example,  the mechanisms  for dilatation in 
cardiac muscle  may  be  quite  separate  from  those  in operation 
for skeletal and  smooth  muscle.  Another variation of 
mechanism within muscle  types  may  be  termed  'temporal,' 
that is,  the mechanisms  responsible for exercise  hyperaemia 
may  differ from  those giving rise to  reactive  or post-
exercise hyperaemia  in the  same  muscle.  At  the  present 
time  we  can only speculate as  to  the different mechanisms 
involved.  Thus  the question posed  in the title must  be 
supplemented  by  a  more  specific question:  'for what  purpose?' 
The  immediate  dilatation seen  in skeletal muscle  blood 
vessels  in response  to  even  the mildest  exercise would  seem 
to  indicate that exquisite  forms  of response  and  adjustment 
are  present.  The  potency  of ATP  and  adenosine  in dilating 
the  blood  vessels  of heart and  skeletal muscle  is well 
recognized.  It is therefore  the  purpose  of this  review  to 
evaluate  the roles of adenosine  and  ATP  in the  exercise 
hyperaemia  of skeletal and  cardiac muscle. 
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Fig.  1.  Degradation  of  ATP  to  inosine  and  adenine  via  adenosine.  Loss 
of  the  amino  group  or  the  ribose  moiety  from  the  purine  ring  abolishes 
action of  the  molecule  as  a  vasodilator.  ATP  and  adenosine  are  powerful 
vasodilators  of  the  coronary  and  skeletal muscle  blood  vessels. HISTORIC 
Development  of the  Concept 
Dilatation of resistance blood  vessels by  the action of 
'metabolites'  released  from  local tissues is a  fundamental 
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concept that is traditionally attributed to W.H.  Gaskell  (49)*. 
One  of the  earliest statements suggesting the  involvement  of 
purine  compounds  in this process is to  be  found  in a  paper 
by Barcroft & Dixon  (11).  Presenting studies  on  the 
metabolism of the  puppy  dog heart they stated:  'In our 
experiments  the  carbon dioxide  levels may  be  only  an  index 
of other metabolic  products  such as lactic acid and  purine 
bodies which  have  a  similar vasodilatory action.'  Quite 
how  the  concept  arose of purine  body  release  from  active 
myocardium  is presently unclear.  More  than twenty years 
later Drury & Szent-Gyorgyi  (34),  investigating the  prop-
erties of muscle  extracts applied  externally to  the heart and 
blood vessels,  found  that certain purine  purine  compounds 
were  completely  inactive,  whereas  others  of similar structure 
were  extremely potent.  Fig.  1  shows  the  structure-function 
relationship of the adenine  series of purine  compounds.  Loss 
of the  amino  group at position 6  in the  purine  ring,  or loss 
of the  ribose  moiety  from  position 9,  virtually abolishes 
exogenous activity of the molecule  as  a  vasodilator.  These 
findings  were  soon verified and  extended  (101,  103,  128,  55, 
14,  38).  Earlier Zipf  (136,  137,  138)  had  suggested that the 
*In fact  two  years  before Gaskell's  paper Latschenberger & 
Deahna  (Pflugers Arch.  12,  157)  had  suggested  that metabolites 
such  as weak  acids  could  be  involved  in the  local dilatation 
process. Fig.  2.  The  effect  on  forearm blood  flow  of graded  doses  of  magnesium 
ATP  injected  over  2  min  periods  into  the brachial  artery of  a  normal 
subject.  Dotted  line  is  control  obtained  from  the  contralateral  arm. 
Thick bars,  times  of  perfusion with  dose  in  ug/min.  Note  that  16  ug/min 
increases  blood  flow  by  about  three  times.  (From  Duff,  Patterson & 
Shepherd,  1954,  J.  Physiol.  London). 
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40 vasodilator substances  in the  blood  returning from  ischaemic 
or hyperaemic  tissues may  be  adenylic  acid  or adenosine. 
A  general account  of the  actions  of exogenous  adenosine 
triphosphate  (ATP)  was  given by  Green & Stoner in 1950  (57). 
This was  the result of an urgent enquiry during World  War  II 
into  the  cause  of irreversible wound  shock.  Extracellular 
purine  compounds,  especially ATP,  could  obviously  reach  the 
extracellular compartment  and  the  bloodstream following  acute 
trauma;  this in turn could  precipitate a  widespread  and  long-
lasting peripheral vasodilatation.  At  this time  Buchthal, 
Deutch & Knappeis  (19)  showed  an effect  on  frog  skeletal 
muscle after close arterial injection.  Also at this period 
an  interesting paper by  Emmelin & Feldberg  (37)  appeared  in 
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the British Journal of Pharmacology  describing the  cardiovascular 
effects of intravenously  injected ATP;  however  the  rationale 
for this experiment was  not  explained.  Perhaps  ATP  was  then 
being regarded as  a  potential therapeutic  agent.  In 1954 
the  action of intra-arterial ATP  on  the  blood  vessels of the 
human  forearm was  described  by Duff,  Patterson & Shepherd  (35) 
Fig.  2.  The  vessels were  greatly sensitive to  ATP,  especially 
the  magnesium salt,  and  also  responded  to  the  injection with  a 
hyperaemia which  matched  that to be  found  in muscles  exercising 
vigorously.  When  compared  to  other vasodilators  (histamine, 
acetylcholine)  magnesium  ATP  infusion proved  to  be  as  painless 
as it was  potent. 
Application of purine  compounds  ~o the heart  continued.  It 
became  clear that  the  adenine  compounds,  especially ATP,  were 
capable  of dilating the  coronary resistance vessels  to  a  near 186 
maximum  and  to  an  extent which  matched naturally  occurring 
hyperaemia  (1)2,  133).  Other studies  on  the  exogenous  action 
of adenine  compounds  on cardiac tissue  soon followed  (e.g.  126, 
72). 
Why  were  these  invel-3tigators applying  exogenous  A'.rp  to 
various  tissues?  Was  the  idea of  'purine body'  release 
implicit in these  accounts?  Perhaps  these questions  can be 
answered  during the discussion period". 
Release  of Purine  Compounds 
In the  period  from  the  1930s to  the  publication of their 
classical papers  in 1952 Hodgkin & Huxley  (62)  provided  a 
quantum  leap forward  in our understanding of the  permeability 
of cell membranes  to  charged particles.  Their work  supported 
the  concept  of the  membrane  as  a  bilipid barrier with  'gates' 
or  'pores'  which  could  open  and  close.  Indeed  it has  now 
been  computed  that  one  segment  of  the  sodium  channel  is a 
pore  3  R  by  5  R in dimension  and another part,  facing  outwards 
from  the membrane,  is 9  R  by  10  ~ (60,  61).  Thus  the 
contemplation of any  highly  charged molecule  passing across 
a  cell membrane  becomes  a  difficult one  and  usually when 
evidence  suggests  such  a  transferance this brings  into question 
the  competence  of either the  membrane  or the  investigator. 
Nevertheless  in the  face  of this theoretical obstacle Holton 
& Holton  (64)  detected an  increase  in the  absorption spectrum 
at  260  nm  from  fluid which  had  perfused  stimulated  sensory 
nerves.  They  tentatively suggested  that ATP  might  be  the 
transmitter sUbstance  released antidromically  from  sensory 
nerves  to  cause  local vasodilatation  ('axon reflex').  The 
full paper was  published six years  later (65)  with  positive identification of the  substance as  ATP.  Release  of ATP 
along with  catecholamines was  described  later (33). 
No  such  permeability problems  existed for adenosine, 
however.  The  cell membrane  seemed  highly  permeable  to 
adenosine  and  its breakdown products  (27,  63,  82,  70)  and 
a  flux figure  has  been calculated for skeletal muscle 
membrane,  suggesting a  'facilitated diffusion'  process  (46). 
There  is some  evidence  to  suggest that ATP  can penetrate 
hypoxic myocardial cell membrane  as  the whole  molecule  (135). 
THE  ADENOSINE  HYPOTHESIS 
Adenosine  and  the  Coronary Circulation 
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It is largely due  to  the  work  of  R.M.  Berne  and  his 
colleagues that adenosine  is at present  regarded  as  a  sig-
nificant natural local vasodilator in the  coronary  circulation. 
In 1960  Jacob & Berne  (70)  described  the  rapid  penetration of 
the myocardial cell membrane  by adenosine.  They  predicted 
that the  outward  movement  of the molecule  would  occur with 
similar ease.  Release  of inosine  and  hypoxanthine  in response 
to myocardial hypoxia was  found  by  Berne  in 1963  (13).  The 
assumption was  made  that these were  the  degradation products 
of adenosine which  had  been released  from  the  myocardial cell 
during  a  period  of hypoxia.  The  enzymic  activity required  for 
such  extracellular degradation had  already been defined  (27,  10). 
Both  the  prediction and  assumption were  soon verified by 
Richman  & Wyborny  (100)  who  showed  that if adenosine  deaminase 
activity was  inhibited by  8-azaguanine  adenosine  was  easily 
detected  in the  effluent  from  hypoxic  heart.  Katori & Berne 
(76)  verified this result and  also  provided  important data Tabl.e  1.  Distribution  of  pUrlne  derivatives  .1ppearing  In  the  corollary 
Slnus  effluent  from  non-working  guine.1  pig  hearts  in  the  presence  of 
-J 
10  M 8-azaguanine. 
Anoxia  Severe  Hypoxia 
adenosine  (nmoles)  55  ±  15 
inosine  (  "  )  l67  ±  56  42  :t  50 
hypoxanthine  (nmoles)  82  ±  30 
61  ±  25 
Tot.11s  JOL,  167 
Severe  hypoxia  indicates  levels  of  oxygen  tension  around  40  mm  Hg. 
(Katori  & Berne,  1966) suggesting that as  the  oxygen  demand  of the  myocardium 
increased,  so  also  did  the  levels of released adenosine. 
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Table  1  gives  some  data  summarized  from  Katori & Berne  (76). 
Samples  from  isolated guinea pig hearts  perfused  in the 
Langendorff mode  were  analysed for adenosine,  the  deaminated 
derivative  inosine  and  the  purine  ring  compound  hypoxanthine. 
All  experiments were  performed  in the  presence  of 8-azaguanine. 
The  total purine  amounts  were  greater in the  sinus  effluent 
from  totally anoxic hearts, it is interesting that much  more 
inosine appeared  in the  samples  from  the  anoxic  tissue. 
Perhaps  the degree  of hypoxia affected the  removal  of the 
ribose moiety  from  the  purine  ring  (inosine----7hypoxanthine). 
Unknown  effects from  a  roM  concentration of 8-azaguanine  may 
also  have  been  in operation. 
Improved  sensitivity for adenosine  detection enabled 
investigators to  discard  the  use  of 8-azaguanine.  Soon 
adenosine  was  detected  in the  pericardial space  (104)  and 
in the  coronary  sinus effluent during reactive  hyperaemia  (106). 
Quantitatively there  seemed  to  be  enough  to  produce  a  useful 
degree  of vasodilatation in response  to  the  stress.  In 1977 
Wiedmeier & Spell  (130)  answered  the  'hen and  egg'  question: 
is dilatation responsible  for adenosine  release  or is adenosine 
release  responsible for vasodilatation?  They  showed  no  release 
when dilatation was  evoked without  an  oxygen  demand. 
Actions  of methylxanthines  and  dipyridamole.  Thus  far the 
evidence  for adenosine  being  a  principal vasodilator in the 
coronary  circulation was  satisfactory,  but  some  problems  have 
arisen out  of  experiments  using the  adenosine  antagonist  drugs 
theophylline  and  aminophylline.  In 1970  Afonso  (3)  and  Afonso 189 
& O'Brien  (4)  showed  that the methylxanthine  compound 
aminophylline  inhibited the  coronary vasodilator action of 
exogenous  adenosine  when  given either intravenously or 
directly into  the  coronary artery.  Thus  a  crucial experiment 
was  developed  to  validate the adenosine  hypothesis.  If 
hypoxia-induced  release of adenosine  was  responsible for 
relaxation of the  vascular smooth  muscle,  would  administration 
of aminophylline  inhibit hypoxia-induced vasodilatation? 
Afonso  et al  (5)  found  that aminophylline  did not  significantly 
influence  coronary vasodilatation induced  by hypoxia.  This 
result was  confirmed  by Wadsworth  (127).  The  competitive 
nature  ~f this inhibitory action was  demonstrated  by  Bunger 
et al (21)  using  theophylline  on  the  guinea pig heart.  Methyl-
xanthines  have  been found  to  be  adenosine  competitors  in 
many  other tissues  (109,  30,  89,  6,  85,  110).  A  complicating 
feature  of methylxanthine  infusion was  emphasized  by  Curnish 
et al  (28).  They  made  the  point that since  these  compounds 
increased  the myocardial  oxygen  consumption and  demand  - 'it 
is conceivable  that with  large doses  of  aminophylline atten-
uation of reactive hyperaemia  is masked  by  the  overriding 
effect of high  concentrations  of  endogenous  vasoactive  metab-
olites.'  Perhaps  ATP  belongs  in this latter class  since Giles 
& Wicken  (54)  have  clearly  shown  that the  action of ATP  on  the 
coronary arteries  is unaffected  by  aminophylline. 
Potentiation of the action of adenosine  by  the  drug 
dipyridamole  has  been frequently described  (84,  15,  73,  92, 
94,  107,  75).  Since  dipyridamole  can potentiate hyperaemia 
it would  seem  plausible that  adenosine  therefore  contributed 
to  the  hyperaemic  process.  However,  dipyridamole  can also potentiate the  action of ATP  (108),  so  it is not  really 
possible ·to discriminate  between the  relative roles  of 
adenosine  and  ATP  with  the  use  of this drug. 
Adenosine  and  Skeletal Muscle  Circulation 
'Early observations  on  the  vasoactivity of purine  compounds 
irl  the  skeletal muscle  vascular bed  were  more  concerned with 
the actions of AMP  ('adenylic acid'),  ADP  and  ATP  than with 
adenosine  (38,  39,  Ill, 74).  However,  the  coronary action 
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of adenosine  led  into  investigations as  to whether adenosine 
might also  play  a  part in skeletal muscle  blood  flow  regulation. 
Adenosine  was  reported  to  be  a  powerful dilator of these  vessels 
(59)  and Scott et al  (113)  provided  some  evidence  that adenosine 
as well as ATP  and  AMP  could  be  responsible  in part for 
dilatation in skeletal muscle. 
The  usual approach  of venous  effluent analysis has  been 
used  and  adenosine  has  been readily  identified in the  effluent 
in response  to muscle  stimulation and  contraction  (32,  16,  17). 
Some  problems  are associated with  these  observations.  For 
example,  Gerlach  (50,  51,  52)  had  shown  that in skeletal 
muscle,  in contrast to heart muscle,  adenine nucleotide  degrad-
ation occurs via  IMP  formation.  Only  traces of adenosine  are 
produced.  IMP  is not vasoactive.  This  did not  suggest  a  role 
for adenosine  in exercise hyperaemia.  In answer  to  this 
dilemma  Rubio  et al  (105)  defined  specific sites of adenosine 
production in skeletal muscle.  Nucleotidase activity was 
found  in endothelium  and  in localized  zones within muscle  cells 
in close  proximity  to  blood  vessels.  It was  suggested  that 
adenosine  is produced  only  in the vicinity of the  blood vessels, 
but  elsewhere  in the  muscle  ATP  is converted  to  IMP  as  Gerlach C1  :c 
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Fig.  3.  Effects  of  ATP,  Al1P,  adenosine,  and  stimulati.on  on  the  resistance 
of  perfused  isolated gracilis muscle  of  dog.  l!E.rer  trace  shows  that  ATP 
is  slightly more  potent  than  adenosine  as  a  vasodilator.  Stimulation 
produces  two  phases  of dilatation,  exercise  hyperaemia  and  post-exercise 
hyperaemia.  Lower  trace  shows  that  theophylline mostly  abolishes  the  post-
exercise  component,  but  the  exercise  hypercenia  is  largely  unaffected.  The 
action  of  adenosine  is  aholished  by  theophylline whereas  the  action of  ATP 
is  not,  suggesting  that  adenosine  has  a  role  to  play  in post-exercise  hyper 
<Jemia  lNhile  /1.1'1'  may  he  involved  in  exercise  hyperaemia.  (From Tai>dil',  Scott 
&  lIciddy,  1'177). had  demonstrated.  Bockman et al (17)  showed  that in blood-
perfused  dog hindlimb at constant  flow  the  venous  plasma 
adenosine  concentrations did not  increase during muscle 
contraction (stimulated at  2  - 4Hz).  They  also  found  that 
the  adenosine  content of the muscle  was  not significantly 
elevated after five  minutes  of stimulation,  although  an 
increase was  noted after ten minutes  contraction. 
Action of methylxanthines.  As  in the  coronary circulation 
the methylxanthine  derivatives block the vasodilatory action 
of adenosine  on  skeletal muscle  blood  vessels  (121,  66).  Fig. 
3  shows  an average  representation of results obtained by 
Tabaie,  Scott & Haddy  (121)  using  the  blood-perfused isolated 
dog gracilis muscle.  In the  presence  of 10-3M theophylline 
the action of  infused adenosine  was  completely blocked,  but 
the  effect  on  the  blood  flow  of stimulating the  muscle at 
1  Hz  for  30  seconds  was  not.  On  closer inspection  two 
components  can be  seen in the dilatation response  produced 
by  stimulation.  There  is an  exercise hyperaemia and  a  pro-
nounced  post--exercise hyperaemia.  It can be  seen that while 
the  exercise  component  is not  much  affected,  the  post-
exercise  component  is almost  completely blocked.  The  base-
191 
line  flow  in those  experiments  was  adjusted to  control levels 
with  the  use  of norepinephrine.  Measurements  of contractile 
force  and  venous  oxygen tension indicated that the  attenuation 
of dilatation did not  result  from  a  decrease  in muscle  activity. 
It can also  be  seen that the  action of ATP  is completely 
unaffected  by  theophylline  infusion. 
Recently Honig & Frierson  (66),  using  dog gracilis muscle, verified the result with  theophylline  and  also  showed  that 
the adenosine-potentiating drug dipyridamole  did not 
potentiate exercise hyperaemia.  However,  in about half 
of the muscles  tested dipyridamole  did  slow  the  recovery 
of resistance after muscle  contraction had  ceased.  They 
suggested  that adenosine  may  have  a  role  to  play  in pro-
longing the  recovery  of skeletal muscle  blood  flow after 
exercise. 
RELEASE  OF  ADENOSINE  TRIPHOSPHATE 
Despite  the  fundamental  problem of membrane  permeability, 
much  evidence  has  accumulated for the  release  of ATP  from 
many  different types of tissue.  There  follows  a  brief 
account  of this literature. 
Release  from  Nerve 
Following  the  pioneer work  of  Pamela Holton  (65),  release 
of ATP  from  frog  sciatic nerve  was  indirectly  shown  by  Abood 
et al  (1).  Kuperman  et al  (78)  verified this work.  The 
conclusion at that  time  was  that the ATP  was  released  from 
electrically excitable tissue during the  phase  of depolariz-
ation.  Pull & McElwain  (99)  showed  that adenine  nucleotides 
were  released  from  electrically stimulated brain slices.  When 
hypoxia was  applied along with  electrical stimulation the 
release was  greatly augmented.  They  suggested that most  of 
the  nucleotide material may  have  been  released  in the  form  of 
ATP  before  rapid  degradation by  extracellular ATPases.  This 
observation was  repeated  (79). 
T.D.  White  (129)  directly monitored  release  of AT?  from 
synaptosomes  prepared  from  rat brain using  the  sensitive 
luciferin/luciferase  system.  Both  veratridine  and  high  extra-
192 cellular potassium  induced  release.  This  work  supported  the 
concept that release  occurred  during  the  phase  of membrane 
depolarization. 
Release  from Skeletal Muscle 
Abood  et al (1)  were  the first to  demonstrate  the  outflux 
of ATP  from  activated skeletal muscle.  Release  was  later 
demonstrated  in isolated frog  sartorius muscle,  the  ident-
ification using the highly  sensitive perfused  frog heart 
preparation and  the  luciferin/luciferase reaction  (18).  This 
work  could  not  be  confirmed  by Dobson  et al  (32).  One 
difference between  the  two  experimental  protocols  is that 
the  drug  neostigmine  was  used  by  Boyd  & Forrester  (18)  to 
augment  the  appearance  of acetylcholine  in the  bathing 
solution.  Neostigmine  is known  to  have  a  direct action on 
the  membrane  of skeletal muscle  (77)  and  also  in the  presence 
of neostigmine  motor nerve  fibres  may  repetitively fire  in 
response  to  one  stimulus,  so  that  the  number  of  impulses 
delivered  to  the muscle  may  have  been underestimated.  Dobson 
et al aerated  the  bathing solution through  the  periods  of 
soaking  and  stimulation.  Bubbling  tends  to  destroy  small 
amounts  of ATP.  The  perfused  frog  hindlimb was  used  by 
Forrester & Hassan  (43)  and  ATP  was  detected  in the  effluent 
in  response  to  stimulation of  the  sciatic nerve.  This 
suggested  that  the  source  was  not  damaged  cells.  Forrester 
& Hamilton  (42)  studied the  release  of ATP  from  blood- and 
Krebs-perfused  cat  soleus muscle.  AfP  levels  in the  plasma 
were  0.3~M during  stimulation at 10  Hz  (control:  0.07L~)' 
Corresponding  values  for muscles  perfused with  Krebs  solution 
193 -,:t 
o 
o 
..0  - :;, 
o 
C 
4J 
> 
c 
o 
g 
C 
4J 
U 
C  o 
v 
4 
3 
I  20%MVC  I 
I  I 
I 
I 
I  I 
I  I  tr'"A 
A  A 
/A __  j 
2  il  A, 
-f  ". I  / _______________ ' 
f  il\~x  -e __ 
_~~  ~- -e 
oF==e  ,I  , 
b 
4 
3 
o  ~  10 
IIO%MVC 
I 
I 
I 
I 
I 
I 
I 
I 
I 
x 
I  I 
2 ,_t
A
-
A
\  I 
r  I  • 
o __  ~-==--I~~ 
~--x  ___  ...-
, 
I~ 
B 
0-----__  0 
_______  A 
A  • 
,,------x 
, 
20 
o !==-L.  __  ...... ,_L-__ 
o  ) 
'--_._----'-----------' 
10  I~  20 
t-11  N UTES 
Fig.  4.  ATP  concentration  (pg/ml)  in the  venous  effluent  from  human  forearm 
muscle  before,  during  and after  20%  (A)  and  10%  (B)  maximum  voluntary 
contraction.  Different  symbols  represent different  subjects.  Rectangle~ 
show  duration  of  contraction.  Note  the  slow  rise in concentration 
during  the  ~ost-contraction phase  in  the  20%  MVe  (a  tension eventually 
resulting  in fatigue)  in contrast  to  the  sharp rise  and  fall  in  the  nOI1-
fatiguing  10%  MVC.  (From  Forrester  &  Lind,  1969). 8 
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l~ig.  5.  Amounts  of  ATP  measured  in arterial  (open  circle)  and  venous  (solid 
circle)  blood  of  one  subject  before,  during  and  after  a  10%  MVC.  Note  the 
crossover  in first  samples  after onset  of  exercise.  Arterial  levels  (from 
bracllial  artery)  remain  constant  and  below  venous  levels  indicating that 
the  ATP  was  added  to  the  blood  in its passage  through  the  exercising 
muscle.  (From  Forrester  &  Lind,  1969). were  1.S{M  (control:  0.9~M).  It was  thought that the  lower 
I  I 
levels of ATP  detected  in the  plasma  could  be  due  to  surface 
ATPase  activity of blood  elements  and  the  higher levels  in 
the Krebs  perfusate might  have  resulted from  the  release 
from  hypoxic muscle. 
Identification and  assay of ATP  in fresh  human  plasma  (40) 
led to measurements  of ATP  coming  from  contracting human 
forearm muscles  (45).  Figs.  4  and  5  show  that  the  concent-
rations were  elevated and  that it was  added  to  the blood  in 
its passage  through  the muscle.  These  results naturally led 
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to  the  enquiry:  is ATP  released in sufficient quantities to 
satisfy the vasodilator requirements  of active  skeletal muscle? 
Previous  studies  on  the  effect of  infused  ATP  on  the  circ-
ulation through  human  forearm  musculature  (35)  provided  an 
opportunity to  compare  the  amounts  of ATP  released  in vivo 
to  the  amounts  infused  to  cause dilatation  (see  Fig.  2).  The 
main difficulty with  a  quantitative  study of this sort is  the 
fact  that an  increase  in blood  flow  through  exercising muscle 
has  the  effect of washing  out  and  diluting the  ATP  to  an 
unknown  extent.  One  way  to  avoid  this difficulty is  simply 
to  occlude  the arterial supply  to  the  muscles  during the 
period  of exercise,  and  then gradually restore  the  flow,  which 
will then pass  through  the  line of least resistance,  in this 
case  the  dilated vessels  in the muscle  bed.  Human  subjects 
gripped  a  bar isometrically at  5%  of their maximum  voluntary 
contraction in the  presence  of venous  and  arterial occlusion. 
This  exercise  is  a  mild  form  and  normally  gives  rise  to  an 
exercise hyperaemia  of only  three  times  the  resting  flow  (Sl). ATP 
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Fig.  6.  Concentrations  in  venous  plasma  before,  during  and  after arterial 
occlusion  and  exercise;  shaded areas,  time  of arterial occlusioR.Resting 
systolic blood  pressure given above  each  figure  Filled symbols.  samples 
below  nssay  threshold  (dashed  lines).  Vertical  arrow  in  lower  left shaded 
area,  cuff  pressure  lowered  to  obtain sample.  Figures  above  post-occlusion 
snmples  indicate  cuff  pressure  when  sample  was  taken.  (From  Forrester,  1972). Duff et al  (35)  showed  that  a  threefold  increase  in forearm 
flow  was  produced  by  infusing ATP,  16  g/min.  (30  nmoles/min) 
into  the  brachial artery  (Fig.  2).  Fig.  6  shows  the  results 
obtained  in six experiments  on  four  sUbjects.  Note  the 
logarithmic  ordinate  scale,  indicating  a  ten- to hundred-
fold  increase  in the  concentration at the  end  of the  four 
minutes  of exercise.  These  concentrations  represent  only  a 
small fraction of the  ATP  originally present because  the  rapid 
degradation  in the  bloodstream  could not  be  avoided.  This 
factor would  also  certainly have  diminished  the  effective 
concentrations  of ATP  infused  by Duff et al  (35).  Allowing 
for the  blood ATPases  it was  computed  that 7.5  - 10.5 g/min. 
(14  - 20  nmoles/min)  were  released  (41).  These  amounts 
compare well to  the  16  g/min  infused  by Duff et al to  produce 
the  same  threefold  increase  in flow  (Fig.  2).  Detection of 
ATP  in the  venous  effluent  from  exercising muscle  was  also 
performed  by  Chen  et al  (25)  using  dog  hindlimb.  They 
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analysed  femoral  venous  blood  for ATP  and  AMP  before  and  during 
sciatic nerve  stimulation at  6  and  25  Hz.  Table  2  gives  a 
summary  of their resultso  It is clear that despite  an 
increase  in flow  which  would  dilute  the  ATP  levels,  there  is 
significant  increase  in ATP  concentration in the  venous  effluent. 
A  fair criticism of this type  of  experiment  is that  the 
blood  elements,  especially blood platelets,  contribute  to 
the  ATP  levels detected  in the  plasma.  Indeed  this was  the 
case  in the  work  of Forrester & Lind  (45)  where  platelets were 
shown  to  contribute  up  to half of the  ATP  in plasma  from 
resting forearm  muscleo  Nevertheless with  the  use  of non-Table  2.  Analysis  of  £emand.  venous  plasma  fOl- ATP  and  AHP  before  and  during 
sci.atic  nerve  stimulation at  6/sec  (S)  and  25/sec  (Tetany). 
(N=lO)  Control  S  Tetany':.  Post-tetany  ----
FA  FV  FV  FV  FV 
*  *  *  AT1'  ng/rnl  plasma  206  165  289  /136  484 
*  *  *  AHP  ng/ml  plasma  60  52  B5  188  158 
*  *  "  FV  flow  ml/min  15)  37')  L:13  td 3 
FV J  femoral  vein  flow,  *  J  P  < .01  compared  to  control. 
(Chen,  Selleck & Scott,  1972 wettable  containers  and  cannulae  the  background  levels  of 
ATP  can be  reduced  below  the  threshold for assay by firefly 
luminescence  (41).  This  point was  pursued  by Bockman  et al 
(16).  They  found  a  great variation in the  amounts  of ATP 
in venous  effluent from  resting skeletal muscle  and  concluded 
that changes  in these  concentrations  could not  be  interpreted 
as  significant when  associated with  exercising muscle.  In 
a  second  series of  experiments  they  stimulat.ed  dog  hindlimb 
tetanically at  25  Hz.  Three  preparations were  perfused at 
systemic  pressure  and  four were  perfused at a  constant flow, 
chosen to  be  2  - J  times  that  of control flow.  The  ranges 
of ATP  concentrations measured  are  shown  in Fig.  7.  Although 
no  precise paired data were  given,  it is clear that in both 
cases  there was  a  tendency for the  range  of ATP  concentrations 
to  increase  in association with muscle  contraction.  It is 
of particular interest that the ATP  concentrations  found  in 
plasma  from  stimulated muscle  with  a  constant  flow  are higher 
than those  found  with  a  constant pressure.  If indeed all of 
the  ATP  comes  from  the  blood  elements,  then it is unclear why 
there  should be  any difference  in range,  whether the muscles 
are  perfused with  constant  pressure  or flow,  or stimulated, 
or resting.  Perhaps  Bockman  et al are  suggesting that muscle 
contraction itself damages  the  blood  elements  in some  way,  in 
which  case  bouts  of severe,  prolonged whole  body  exercise 
would  soon give  rise  to  thrombocytopenia  and  possibly haemo-
lysis.  Also  of significance is their finding that  one  hour 
after the  muscle  contraction the  range  of ATP  in venous  plasma 
was  greatly increased to  0.09  - 2.97  nmoles/ml.  Further 
studies are needed  for clarification. 2.4  Con sta nt  Pres s 
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Fig.  9.  Experimental  set-up  to measure  post-synaptic  release  of  ATP 
from  electric organ  of  Torpedo  marmorata.  firefly  extract  is  perfuned 
over  the  surface of  the  organ  from  a  pipette  (p).  Thread  (t)  stabil-
izes  pipette and  tissue.  Nerve  (n)  stimulated  through  silver-silver 
chloride  electrodes  (st).  Light  signal  from  firefly  extract  recorded 
by  photomultiplier  tube  (p.m.).  Post-synaptic electrical  response 
recorded  with  platinum electrodes.  (1'rom  Lsrael,  Lesbats,  Meunier  ex 
St"innakre,  1976,  Proc.  Koyal  Society,  Londoll). [
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Fig.  10.  Release  of  ATP  after single  nerve  impulses.  (a)  lO\-ler  trace: 
oscilloscope  record  of  electrical  response  (post-synaptic)  to  a  single 
stimulus  applied  to  the  nerve;  tipper  trace:  intensity  of  the  p.m. 
currcn~ due  to  light  emission  resulting  from  the  reaction of ATP  with 
the  firefly  extract.  (h)  Responses  to single and  triple stimulation 
of  the  nerve  (different  preparation).  Upper  trace:  light  emission; 
lower  trace:  electrical responses.  Time  constant  of  the  light  recording 
system  was  l10 msec.  (From  Israel  et  ~, 1976). In 1973  a  short report by Parkinson  (93)  indicated that 
adenine  nucleotides  appeared  in human  plasma five  minutes 
after whole  body  exercise  (Fig.  8).  The  implications  of 
this are  unclear at present,  but it may  indicate that there 
exists a  highly dynamic  situation regarding nucleotide  levels 
after exercise,  possibly the  result of ongoing nucleotide 
redistribution in the  body  to  tissues which  cannot  synthesize 
the  purine  ring de  DQYQ. 
Release  from  the Neuromuscular Junction 
In 1975  Silinsky & Hubbard  (115)  found  ATP  to be  released 
from  the  stimulated nerve-muscle  preparation of rat hemi-
diaphragm.  Since  curare blocked the  release  they  concluded 
that the  nerve  terminal was  the  source.  These  results were 
further extended  by Silinsky  (114). 
Israel et al  (68)  have  demonstrated  very  elegantly the 
release of ATP  in response  to  single nerve  impulses  applied 
to  the electric  organ of Torpedo  marmorata.  A  diagram  of the 
experimental set-up is shown  in Fig.  9.  The  electric organ 
can be  regarded as  a  gigantic motor  endplate without  the 
underlying skeletal muscle  element.  It is supplied by  a 
cholinergic motor nerve.  Israel et al stimulated  the  nerve 
and  recorded  the  post-synaptic  response  from  the  electric 
organ.  At  the  same  time  they arranged for the  surface  of the 
organ to  be  superfused with extract of firefly lanterns.  Fig. 
10  shows  the  response  of the  superfusing firefly extract to 
single stimuli applied  to  the  motor nerve.  A  discrete light 
signal is recorded  for  each  nerve  impulse,  even  in the  case 
of three  stimuli delivered  in rapid  succession.  The  post-
synaptic  source  of this ATP  release was  demonstrated  by  the 
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Fig.  11.  Effect  of  curAre  on  thl'  release  o[ ATP,  (8),  control.  (b), 
-Lf 
after llbout  80  min  in  5  x  10  M curare.  (c),  concentrrltion  of  Cllr8re 
--3 
incr0ased  to  10  M.  Note  marked  diminution  of  light  signal  indicating 
depression  of  ATP  release post-synaptically.  (From  Israel ~~~, 1976). fact that the  light signal was  diminished  when  curare was 
applied  to  the  synaptic  junction via the  superfusate  (Fig. 
11).  Since  eserine  had  the  effect of enlarging the  light 
signal,  the  question was  whether the  post-synaptic  ATP 
release was  related to activation of the acetylcholine 
receptor,  or was  caused  by  depolarization of the  post-
synaptic membrane.  This  point was  neatly resolved  by first 
blocking  the  receptor with  curare  and  then superfusing  a 
high  concentration of potassium to depolarize  the  post-
synaptic  membrane.  A  light signal was  produced  by  this 
mane ouvre ,  indicating that  ATP  release was  associated with 
membrane  depolarization rather than with activation of the 
cholinergic receptor.  This  finding  supported  the  earlier 
conclusions  of Abood  et al (1). 
The  actions  of released nucleotides  and  adenosine  upon 
neurotransmitter release at synaptic  junctions has  been 
reviewed  in a  recent  symposium  (53). 
Release  of ATP  from  Myocardial Tissue 
Non-working heart preparations.  An  increase  in the  levels 
of ATP  in the  coronary  sinus  effluent  of Langendorff-perfused 
hearts  (guinea pie)  exposed  to  a  90  second  period  of hypoxia 
was  demonstrated  by  Paddle  & Burnstock  (90).  They  found 
that  a  reduction in the  perfusion pressure  (constant  floW) 
by more  than  50%  was  accompanied  by  an  increase  in ATP  conc-
entration in the  perfusate  from  0.21  (~0.05)  to  0.64  (~0.09) 
pmol/ml.  (Fig.  12).  When  0.1  M ATP  was  perfused  into  the 
coronary  circulation only  about  1%  was  recovered,  suggesting 
that binding,  degradation  or perhaps  uptake  into  cells was 
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Fi~.  12.  Effects  uf  a  single period  of  hypoxia  on  the  coronary  perfusion 
pressure  and  effluent  ATP  concentraLiun.  Flow  rate  was  constant  at  l ..  S  ml/min. 
Perfusion  pressure  recorded  continuously.  Effluent  ATP  concentrations  are 
average  values  during  six second  collection periods.  (From  Paddle  & Burnstock. taking place.  This verified the earlier finding  by  Baer & 
Drummond  (9).  In  any  event it was  probable  that much  more 
ATP  was  released  than was  detected  in the  coronary  sinus 
effluent.  Interpretation of the  source  was  partially 
clarified.  Adrenergic  and  cholinergic nerves were  ruled  out 
since guanethidine  and  hyoscine  did not significantly alter 
the  vasodilatory  response  to hypoxia,  nor did  they  have  any 
effect on  the  release  of ATP.  The  authors  suggested  that 
purinergic nerves  were  possibly responsible for the  release. 
That  same  year a  note  appeared  by  stowe  et al  (119)  who 
found  2.00  pmol/ml  ATP  appearing in the  perfusate  from  a 
similar preparation in response  to  180  seconds  of hypoxia. 
Isolated myocyte  preparation.  The  use  of adult rat heart 
cells  (47)  avoided  many  problems associated with whole  heart 
preparations.  The  high  ratio  of surrounding fluid  volume 
to  cellular volume  provides  excellent conditions  for oxy-
genation;  no  alteration in surrounding fluid  volume  occurs, 
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thus  avoiding  the difficulty of having  to  estimate  ATP  conc-
entrations  in fluid  coming  from  a  vascular bed  which  is 
continuously dilating in response  to hypoxia.  The  actual 
estimation of ATP  remains  free  from  both  contaminating  elements, 
such  as  the  blood platelets,  and  degrading  elements.  The 
firefly luminescence  test for ATP  was  applied  to  the  cell 
suspension medium  before,  during and  after the  application 
of hypoxia.  It was  found  that ATP,  0.34 M/mg  protein was 
released  from  oxygenated  cells, while  1.28 M/mg  protein was 
released within  30  seconds  of  rendering  the  cells hypoxic 
(Fig.  13).  Fig.  14  shows  the  compiled  results.  When  the 
hypoxic  cells were  restored  to  the  oxygenated  state the  levels 
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Fig.  13.  Emission  of  light  from  firefly extract  on  addition of  myo-
cardial  cells resuspended  in  either:  A,  oxygenated  or  E,  nitrogcn-
equilibrated buffer  ~;olution.  pI!  7.tf.  Each  signal  represents  amollnt 
~f ATP  extruded after cells  had  been  in  contact  with  the  respective 
o 
[·uffer  solution  for  30  sec at  37  C.  (From Forrester  &  Williams,  1977, 
,T.  Physiol.  London). 1. 50 
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Fig.  14.  Effect  of  a  period  of  30  seconds  hypoxia  on  ATP  concentration in 
isolated myocardlu1  cell  sllspcnsLons  (rat heart).  zower  graph,  control 
in  oxygcnntec!  solul.lon.  lHrh.'rf'ncL!  \)(:twt'cn  points  at  one  minute  incuhation 
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Fig.  1':),  Emission  of  light  from  extract  in  response  to  a  cell suspension 
exposed  alternately  to  hypoxic  and  oxygenated buffer solution,  A  (a), 
signal  after exposure  of  cells  to  hypoxic  buffer;  (b),  response after 
cells  had  been  returned  to  oxygenated  medium;  (c),  response  when 
returned  to hypoxic  buffer;  Cd),  response  when  finally  returned  to 
oxygenated  madium;  note  increase  in amplification scale.  11,  (8)  _  Cd), 
paired  oxygenated  cOlltrols  matching  the  solutions  tested  in A,  (From 
Forrester & Williams,  1977,  J.  Physiol.  London), of ATP  reverted to  the  previous  control levels  (Fig.  15). 
The  amounts  of ATP  released were  calculated to fall well 
within the  range  necessary for near maximum  dilatation of 
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the  coronary vascular bed.  Thus it was  concluded  that one 
source  of ATP  was  the myocardial cell.  The  rapidity of the 
release  in response  to  hypoxia  could not be  fairly estimated, 
since it took  several seconds  to assess  the ATP  levels after 
application of hypoxia.  However,  it was  evident that the 
response  was  extremely fast,  perhaps  indicating that the  role 
of ATP  as  a  vasodilator starts at the  very  onset  of myocardial 
hypoxia.  This would  be  appropriate  in view  of the  fact that 
the myocardium  can store little oxygen  and  dilatation of 
coronary vessels  is thus  immediately required. 
The  viability of such preparations is difficult to assess. 
Certainly no  ATP  was  detected  from  cell suspensions  obtained 
from hearts which  had  been left asystolic for ten minutes.  The 
insulin receptor was  intact  (47)  and it has  been  shown  that 
respiration of these  cells increases  in the  presence  of an 
uncoupler but is completely inhibited by  a  respiratory poison 
,  indicating normal  function of the mitochondrial  oxidative 
apparatus  (98).  Moustafa et al  (86)  have  reported that  a 
transient  increase  in cyclic AMP  occurred  in response  to 
isoprenaline when  cells were  pretreated with  theophylline, 
while  calcium  reduced  the  levels of cyclic AMP,  presumably by 
(normally)  inhibiting adenyl  cyclase.  Powell  et al  (97) 
were  able  to measure  the  trans membrane  potentials  in myocytes 
similarly isolated.  When  they were  incubated at 37°C  in a 
Krebs  buffer solution with  0.5  roM  CaC12  the majority of cells 
had  resting potentials more  negative  than  - 70  mV  within a  few milliseconds of microelectrode penetration.  Action potentials 
with  overshoots were  recorded  in chloride-free  or high  calcium 
solutions.  It was  suggested  that  these  cells can adopt  a  low 
potassium  conductance  in the  standard  incubation medium, 
resulting in a  low  recorded  transmembrane  potential.  The 
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cells were  able nevertheless  to  assume  more  negative potentials 
under appropriate  conditions  (exposure  to  chloride-free,  low 
sodium,  high  calcium or high  manganese  media)  and still retain 
the  ionic mechanisms  responsible for the generation of active 
currents. 
Scanning electron microscopy  (96)  of these cells has  shown 
their surface  to have  regular arrays of T-tubules at intervals 
consistent with  sarcomere  lengths for contracted cells.  T-tub-
ules had  openings  both  ovoid  and  circular in shape.  Intercalated 
discs appeared  exactly similar to those  observed  in whole  tissue. 
Working heart preparation.  When  isolated hearts are 
perfused retrogradely through  the  cannulated aortic  stump  in 
the Langendorff mode  the  work  performed  by  the  myocardium  is 
inestimable  and  perfusion of the  myocardium  does  not  really 
resemble  the state in vivo.  The  working heart prearation 
developed  by  Neely et al  (88)  was  used  to  assess  the ATP  conc-
entrations  in the  coronary  sinus effluent when  the left ventricle 
was  made  to work  against  a  normal afterload.  The  perfusion of 
the vascular bed  is thought  to  be  more  normal  under  such  circ-
umstances.  The  hearts were  exposed  to  90  seconds  of hypoxia 
and  the ATP  levels  in ghe  sinus  effluent were  measured  just 
before  the  introduction of hypoxia,  at  the  end  of the  hypoxic 
period  and  5 minutes after oxygen was  restored  to  the  preparation. 
Fig.  16  shows  the  results obtained  (26).  The  point of main ·~ 
c 
I-
e:(  -
5 
4 
3 
2 
1 
p<  001 
~ 
• 
I 
I- 4. 7 
l-
I-
i-
T  NS 
0.63  0.63 
Control  Hypoxia  Recovery 
Fig.  16.  Concentration of ATP  in  the  coronary  effluent  of  isolated 
working  hearts  perfused with  oxygenated  buffer  (control),  during  the 
last  30  sec  of  hypoxia  (hypoxia)  and  after  5  min  recovery with  oxygenated 
b~ffer  (recovery).  Values  arc  meDDS  of  four  experiments ± S.E .. 
N  S  ==  not  significantly different  from  control.  (From  Clemens  &  Forrester, 
J.  Physiol,  London,  in Press). TABLE 3.  A TP  in coronary sinus effluent from working and nonworking hearts 
Reference 
Paddle and Burnstock (92) 
Stowe et  al. (121) 
Clemens and Forrester (28) 
Corontlry effluent 
Concentration ATP (nM) 
0.63 
2.00 
4.70 
Heart preparation 
Nonworking guinea pig 
Nonworking guinea pig 
Working rat interest is that a  working  preparation produced  about  eight 
times  the  amount  of ATP  into  the  sinus  effluent that the 
non-working  preparation did  (90).  Of  course  the  obvious 
criticism is that these working hearts are  not adequately 
supplied with  oxygen via the  Krebs  perfusate,  however the 
viability of the hearts was  judged  to be  satisfactory on 
the  following  grounds:  alteration in the left atrial filling 
pressure  produced  typical Frank-Starling responses  of the 
left ventricle;  oxygen extraction from  the  perfusate  increased 
in response  to  increased workload;  coronary blood  flow 
increased  immediately  upon  introduction of hypoxic  perfusion 
and  the mechanical  recovery  from  hypoxia was  always  complete 
within 5  minutes  of restoring  oxygen  to  the  preparation. 
Calculation of the  oxygen extraction showed  figures  comparable 
to  those  calculated for blood-perfused hearts.  Table  3  gives 
a  comparison of the  concentrations  found  in the  coronary 
sinus effluent from  working  and  non-working hearts.  In view 
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of the  rapid degradation of ATP  in the  coronary vascular bed 
(9,  90),  it is likely that ATP  concentrations at the arteriolar 
level may  approach  one  hundred  times  those  detected  in the 
coronary effluent.  These  amounts  (5  x  10-7M)  would  certainly 
have  an  immediate  and  profound  effect  on  coronary vascular 
smooth muscle. 
Release  of nucleotides  from  endothelium  and  smooth  muscle. 
Recently Pearson & Gordon  (95)  found  that ATP  and  other 
nucleotides were  selectively released  from  vascular  Rmooth  mlJRClp 
and  endothelial cells in culture.  Whether  the  released nucleo-
tide was  a  response  to  damage  or whether it represented  a 
specific  secretory mechanism  is unresolved.  Extracellular 20) 
conversion of ATP--ADP--AMP--adenosine  was  also  observed  in 
these  cell preparations.  Extracellular conversion to  adenosine 
occurred  much  more  rapidly in smooth  muscle  cells. 
MODE  OF  ACTION  OF  ATP  AND  ADENOSINE 
It is well  recognized that ATP  can bind  to  proteins  and 
the  possibility that an  -SH  group is involved has  been prop-
osed  (120,  12).  Binding of ATP  to  renal membranes  is assoc-
iated with  calcium  (91)  and  ATP  interacts with  isolated sarco-
plasmic  reticulum  (2))  producing a  conformational  change  (80). 
There  is much  evidence  that  exogenous  ATP  acts  on  the cell 
surface  (29,  124,  24)  and  effects  on cell volume  (102) 
indicate an alteration in membrane  permeability.  An  ATP-
binding protein has  been isolated from  membranes  of nerve 
endings  (2).  Since ATP  has  a  rigid structure  (7),  that is,  it 
is resistant to bending or distortion,  it is plausible that 
a  matching  receptor structure exists  on  the  membrane  protein 
moieties  (117).  These  observations  lend  support  to  the 
purinergic  receptor  (p2)  hypothesis  put  forward  by Burnstock  (22). 
Analysis  of the  effects of ATP  on  the  electrical prop-
erties of membranes  has  been  pursued  by  many  investigators. 
External application to  intestinal smooth  muscle  (taenia coli) 
abolishes  spike activity and  produces  hyperpolarization of 
the  membrane  if the  concentration is high  enough  (20,  69,  8, 
12),  71).  In this  respect ATP  was  found  to  be  the  most  potent 
of  the  adenine  nucleotides  and  adenosine.  Goto  et al  (56) 
analysed  the  actions  of  these  compounds  in bullfrog atrial 
muscle  and  showed  that while  ATP  and  ADP  produced  an  enhance-
ment  of  calcium  inward  current and  augmented  the  associated phasic  tension development,  AMP  and  adenosine  elicited a 
negative  inotropic effect.  The  tonic  tension  (calcium 
independent)  was  inhibited by all the  adenine  compounds. 
The  adrenergic  receptor was  excluded  as  a  mediator of these 
effects since  ~-blocking drugs  had  no  influence  upon their  , 
actions.  Other effects  on  smooth  muscle  have  been noted 
(118). 
Much  evidence  suggests  that exogenous  adenosine  affects 
cellular metabolism  through activation of adenylate  cyclase, 
elevating the  levels of cyclic  AMP  (112,  118,  67,  22).  A 
rise  in cyclic  AMP  levels  in response  to  exogenous  ATP  was 
demonstrated  by Sattin & RaIl  (109);  this could  be  a  signif-
icant mechanism  in the  local control of cerebral blood  flow 
and metabolism  (44).  That adenosine  can penetrate  the  cell 
membrane  so  easily would  suggest that its actions are quite 
separate  in nature  from  exogenous  ATP,  although  evidence  has 
been assembled for the  existence of a  specific  adenosine  (PI) 
receptor site  (22). 
Takata & Kuriyama  (122)  have  recently  shown  that ATP 
markedly hyperpolarized  the  smooth  muscle  membrane  of the 
coronary artery of guinea pig,  but  found  that there was  very 
little response  with AMP  and  none  with adenosine.  In the 
presence  of low  calcium  concentrations  the ATP-induced 
hyperpolarization was  significantly reduced.  They  classified 
the  process  into  two  components,  a  fast  phase  which  was  less 
sensitive  to  calcium and  a  subsequent  sluw  phase  which  was 
calcium sensitive.  ATP  and  adenosine  relaxed  the  smooth 
muscle  in the  presence  of high  potassium or acetylcholine. 
It was  proposed  that ATP  mainly  increases  the  potassium 
204 conductance  and  in part the  sodium  conductance.  The 
interactions described with  potassium and  acetylcholine  may  be 
of great significance when  considering  the  problem  of 
'metabolite'  control of local blood  flow.  Cholinergic  vaso-
dilator nerves  and  potassium released  from  active skeletal 
muscle  and  cardiac  muscle  may  well  interact effectively to 
regulate  flow. 
DISCUSSION 
Evidence  has  been  reviewed  to assess  the  roles  of ATP 
and  adenosine  as  local vasodilators  in contracting heart and 
skeletal muscle.  Although  ATP  is the more  potent agent  a 
fundamental  problem  remains  as  to  how  it is released  from 
an hypoxic  cell.  The  present view would  suggest that it 
is released during the  phase  of membrane  depolarization,  but 
whether it comes  through  or off the  membrane  is unclear. 
Elucidation of this mechanism  may  advance  our understanding 
of the  relationship between  a  cell and  its external environ-
ment.  That cellular damage  is the  real cause  of ATP  released 
from  hypoxic  cells is a  valid criticism.  However,  it need 
not  be  regarded as  an  'all-or-none'  phenomenon;  tissues 
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and  cells  can suffer degrees  of damage,  and  hypoxia itself 
could  be  classified as  a  very  early and  mild  type  of reversible 
cell damage.  In other words  a  form  of  'early warning  system' 
is in operation. 
The  major problem with  adenosine  and  exercise  hyperaemia 
is the  action of the  antagonist methylxanthine  drugs.  Active 
hyperaemia  in heart  and  skeletal muscle  is largely unaffected 
by  theophylline,  which  blocks  the action of adenosine  in these BP  150 
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Fig.  17.  Upper  figure  shows  rC'<lctive  hyperaemia  after  8  seconds  coronary arterial 
occlusion  in heart  of  the  greyhound.  Middle  figure  shows  the  response after 
aminophylline,  200  ug/min,  continuously  infused  into  the  coronary artery.  The 
peri_od  of  reactive  hyperaemia  has  been  shortened  by  aminophylline.  Lower  figure, 
S110WS  reactive  hyperaemia after  30  seconds  occlusion:of  the  left anterior  descending 
artery  in  the  cat.  The  lowesttrace  shows  the  abbreviated  reactive hyperaemia  15 
minutes  after injection of  aminophylline,  7  mg/Kg.  (From  Giles  &  Wilcken,  1977 
and  Wadsworth,  1972). vascular beds.  The  action of ATP  in these beds  is unaffected 
by  theophylline.  A  role  for adenosine  seems  evident in 
post-occlusion hyperaemia  of cardiac muscle.  Fig.  17 
shows  the  effect of aminophylline  on  post-occlusion hyper-
aemia  of myocardium  in two  separate studies  (127,  54).  In 
both  cases  there  is a  clear diminution of flow  in the  post-
occlusion period.  The  adenosine  contribution to  this flow 
has  presumsbly been eliminated by  the  aminophylline.  The 
view has  been put forward  that adenosine  helps  to  prolong 
dilatation after severe  exercise of skeletal muscle  (59,  66). 
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Orientation of membrane  enzymes.  Degradation of extracellular 
ATP  to  ADP,  AMP  and  IMP  by  an  enzyme  system  on  the  outer surface 
of intact frog  skeletal muscle  has  been  observed  and  the 
properties of the  enzymes  involved  (ATPase,  adenylate kinase 
and  AMP  deaminase)  have  been extensively studied  (36,  83).  It 
has also  become  evident that 5'nucleotidase has  its active site 
facing  outwards  from  the  membrane  in skeletal muscle  (134), 
and  in many  other tissues  (58,  31,  125).  Extracellular 
enzyme  activity of this  type  has also  been  observed  in cardiac 
tissue  (1]1,  48).  This  presents  a  difficulty with  the  concept 
of adenosine  being  formed  inside the muscle  cell as  a  response 
to hypoxia.  No  less a  problem exists for ATP  in this respect. 
If extensive  extracellular ATPase  activity is present  in 
skeletal and  cardiac muscle,  does  this  indicate that ATP  is 
anticipated to arrive  extracellularly?*  Is this part of a  much 
wider  system of nucleotide  and  nucleoside  dispersal  in the  body 
*One  wonders  how  the neurotransmitter theory for acetylcholine 
would  have  fared  if the  cholinesterases  had  been discovered  and 
characterized before  the  discovery  of acetylcholine release. for redistribution of the  purine ring moiety  to  certain 
tissues which  do  not have  the  intrinsic ability to  synthesize 
the  ring de  novo?  Obviously much  more  work  has  to  be  done 
to  investigate these possibilities. 
It would  be  unlikely for there  to  be  just one  metabolite 
involved  in exercise hyperaemia.  Variations  in control 
mechanisms will occur between muscle  types  and  temporally 
within the  same  muscle.  To  add  further difficulties to  an 
already complex field,  the question of species variation 
must  also be  kept  in mind.  Dogs  are different from  humans 
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and  experimental findings  in one  can only  serve  to  guide  our 
ideas about  the  other.  For  example,  it has  been  shown  that 
there  is no  5'nucleotidase present in pigeon or turtle hearts 
(87).  Also,  the  application of 10  mM  adenosine  to  the  coronary 
arteries of turtle hearts has  no  effect  (87). 
Burnstock  (22)  has  proposed  the  existence  of  two  types 
of  'purinergic'  receptor,  PI  for adenosine  and  P
2 
for ATP. 
The  PI  receptor is blocked  by methylxanthine  compounds.  On 
this basis it would  appear that the  P2  receptor predominates 
in the  vascular beds  of cardiac and  skeletal muscle.  The 
source  of much  of the  adenosine detected  in the  effluent 
from  these  tissues may  be  ATP  originally released  and  very 
quickly degraded  to  adenosine. 208 
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